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DISCLAIMER 
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EXECUTIVE  SUMMARY 

Bioremediation  is  a  managed  or  spontaneous  biological  processes  (usually  microbiological)  that 
can  be  used  to  detoxify  contaminated  soils  and^or  waters.  Bioremediation  is  increasingly  finding 
favour  with  regulators  and  industry  as  it  is  a  cost  effective  remedial  technology.  However,  users 
of  bioremedial  technology  generally  lack  proper  understanding  of  this  technology  and  thus  lack 
the  ability  to  properly  assess  the  feasibihty  of  applying  this  technology.  In  addition,  users  of 
bioremedial  technology  generally  lack  the  ability  to  assess  if  (and  which)  allochthonous 
microorganisms  should  be  added  in  a  bioremedial  strategy.  Beak  Consultants  Limited  (BEAK) 
was  contracted  by  the  Ontario  Ministry  of  the  Environment  to  develop  a  reference  source  which 
summarizes  the  microorganisms  currentiy  used  or  expected  to  be  used  for  bioremediation,  and 
to  develop  a  criteria  document  for  evaluating  bioremediation  (a  priori  and  post  priori). 

An  exhaustive  survey  of  the  Canadian,  U.S.  and  international  private  sectors  and  research 
institutions  was  undertaken  to  determine  current  uses  of  bioremediation.  Two  hundred  and  one 
(201)  individuals  representing  189  commercial  organizations  were  invited  to  respond  to  a 
questionnaire.  A  total  of  53  (28%)  commercial  organizations  responded  to  the  survey.  Of  the 
responding  organizations,  37  practice  (apply)  bioremediation  and  20  use  or  have  used 
allochtiionous  microorganisms  in  bioremediation  projects.  Only  4  responding  organizations  were 
solely  involved  in  the  production  and  supply  of  microbial  inoculants.  Several  organizations  do 
not  manufacture  their  own  inocula  but  obtain  it  from  anotiier  firm  under  a  private  label.  The 
relationship  of  tiiese  companies  is  confidential. 

Thirty  (30)  Canadian  organizations,  identified  as  potential  bioremediation  users,  were  mvited  to 
respond  to  a  questionnaire.  Of  die  ten  (10)  responding  organizations,  9  are  involved  in 
bioremediation,  5  use  (add)  allochtiionous  microorganisms  and  3  supply  allochtiionous 
microorganisms.  None  of  tiie  responding  Canadian  organizations  are  solely  involved  in  the 
manufacture  and  supply  of  microorganisms. 

Of  tiie  approximately  75  commercial  inoculants  identified,  31%  are  for  use  in  biodégradation  of 
aliphatics,  namely  petroleum  hydrocarbons.  Less  tiian  2%  of  inoculants  were  suggested  for  use 
in  biodégradation  of  halogenated  polyaromatics  such  as  polychlorinated  biphenyls  (PCBs). 
Similarly,  only  6%  of  inoculants  are  suggested  for  biodégradation  of  polycycUcs  (often 
pesticides),  while  9%  of  inoculants  were  suggested  for  use  in  biodégradation  of  halogenated 
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aliphatics  such  as  trichloroethene  and  other  solvents.  No  inoculants  were  suggested  for  use  in 
the  bioremediation  of  metal  contamination. 

Microorganisms  of  the  genus  Pseudomonas  were  the  most  commonly  used  microorganisms  in 
the  microbial  inoculants  reviewed,  likely  owing  to  their  ecological  fimess  and  competitive 
abilities.  Bacillus,  Mycobacterium  and  Micrococcus  were  also  commonly  cited  as  contents  of 
microbial  inoculants.  Other  microorganisms  used  in  the  inoculants  reviewed  include: 
Phanaerochaetes,  Alcaligenes,  Nocardia,  Rhodococcus,  Acinetobacter,  Thiobacillus, 
Psychrobacter,  Arthrobacter,  Actinomycetes,  Flavobacterium,  Methylosinus,  Saccharomyces, 
Nitrobacter,  Nitrosomonas,  Aspergillus,  Myxobacter  and  Corynebacter. 

With  respect  to  applications,  72%  of  the  inoculants  reviewed  are  recommended  for  use  in  on-site 
applications  {e.g.,  bioreactors,  composting)  while  79%  of  the  inoculants  reviewed  are 
recommended  for  in  situ  bioremediation  (soil  and  groundwater  cleanup,  landfarming). 

Three  active  areas  of  microbial  inoculant  research  were  identified   These  include: 

•  isolation  of  additional  naturally  occurring  microorganisms  capable  of  biodegrading 
targeted  pollutants; 

•  improvement  of  existing  and  novel  microorganisms  to  enhance  their  competitive 
and  catabolic  ability  in  natural  environments.  Enhancement  may  include 
improving  the  characteristics  of  the  microorganisms  through  genetic  engineering 
and  selection  or  by  identifying  and  controlling  the  factors  that  affect  their  survival 
and  activity;  and 

•  development  of  non-aqueous  microbial  formulations  and  carriers  which  increase 
the  stability  and  success  of  introduced  microorganisms. 

A  number  of  researchers  contacted  through  the  inoculant  survey  raised  concerns  over  the  efficacy 
of  microbial  inoculants.  The  ability  of  added  microorganisms  to  effectively  outcompete 
indigenous  microorganisms  seems  to  be  of  great  debate.  Public  and  environmental  health 
concerns  were  also  raised  regarding  the  addition  of  allochthonous  microorganisms.  The  concerns 
and  considerations  in  the  use  of  commercial  inoculants  are  discussed  in  detail  within  this 
document 
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One  hundred  and  thirty-six  (136)  individuals  representing  1 16  research  institutions  were  contacted 
and  asked  to  identify  information  and  criteria  which  they  feel  are  important  in  evaluating 
bioremediation  (both  a  priori  and  post  priori).  From  the  responses  of  these  researchers  and  the 
available  scientific  literature,  BEAK  was  able  to  cull  the  information  which  should  be  evaluated 
(termed  herein  as  "information  requirements")  prior  to  choosing  bioremediation  as  a  treatment 
strategy  or  prior  to  designing  a  bioremediation  monitoring  program.  From  these  factors,  BEAK 
has  developed  a  suggested  step-wise  process  for  evaluation  of  bioremediation  accompanied  by 
a  comprehensive  flowchart  which  could  be  used  to  quickly  process  information  during  evaluation 
or  monitoring  of  bioremediation. 

It  is  important  to  note  that  not  all  the  suggested  information  requirements  are  needed  to  evaluate 
bioremediation.  The  required  information  and  criteria  will  be  case  specific  {i.e.,  site  specific). 
In  addition,  many  information  requirements  are  highly  interrelated  and  thus  they  should  not  be 
considered  in  isolation.  It  may  be  possible  to  infer,  or  fill  in,  missing  information,  or  to 
"logically  link  indirect  evidence"  to  come  to  a  conclusion  on  the  feasibility  or  success  of 
bioremediation.  This  will  be  particularly  true  in  cases  where  collection  of  all  suggested 
information  is  not  feasible  or  when  it  is  not  possible  to  obtain  or  estimate  realistic  values  for  the 
information  requirements  identified. 

The  suggested  information  requirements  have  been  selected  to  encompass  both  on-site  and  in  situ 
applications  of  bioremediation.  However,  in  several  cases  an  information  requirement  may  be 
exclusive,  or  more  applicable,  to  either  on-site  or  in  situ  bioremediation.  Similarly,  specific 
information  requirements  will  be  exclusive  to  either  evaluating  or  monitoring  bioremediation. 
Information  requirements  which  are  exclusive  are  appropriately  noted. 

The  suggested  information  requirements  are  divided  into  three  main  categories,  which  are; 

•  contaminant(s); 

•  site  physicochemical  parameters;  and 

•  microbial  characterization. 

Characterization  of  the  contaminants  involves: 

•  identification  of  the  chemicals  to  be  bioremediated; 
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•  identification  of  their  chemical  attributes  (e.g.,  chemical  structure, 
solubility,  volatility,  sorption  and  chemical  reaction); 

•  assessing  their  biodegradability  {e.g.,  biodégradation  rates  and  kinetics, 
toxicity,  and  concentration  thresholds);  and 

•  deteraiination  of  the  distribution  and  mass. 

Characterization  of  the  physicochemical  attributes  of  the  contaminated  environment  consist  of: 

•  characterizing  the  geochemistry  of  the  contaminated  environment  (e.g.,  pH, 
Eh/redox  conditions,  temperature,  osmotic  pressure,  moisture  content,  and 
nutrients/electron  acceptors);  and 

•  characterization  of  the  hydrogeological/geological  conditions  (e.g., 
delineation  of  the  saturated  and  unsaturated  zones,  estimation  of  the  depth 
to  the  watertable,  measurement  of  the  hydraulic  parameters  (K,  gradient, 
porosity  and  permeability)  and  measurement  of  the  cation  exchange 
capacity,  the  particle  size  distribution  and  the  natural  organic  carbon 
content). 

Characterization  of  the  microbiology  of  the  contaminated  environment  involves  assessment  of: 

the  initial  biomass  size; 

•  the  community  composition  and  its  distribution;  and 

•  the  initial  microbial  activity  and  the  potential  to  stimulate  the  desired  metabolic 
activity. 

Of  note  with  respect  to  microbiological  characterization  is  the  use  of  newer 
monitoring/assessment  techniques,  such  as  phospholipid  fatty  acid  (PLFA)  analysis  and  genetic 
probes  to  obtain  representative  microbial  measurements  while  circumventing  the  limitations  (e.g., 
culturing)  imposed  by  classical  culturing  techniques. 

Seven  general  steps  for  evaluating  the  feasibility  of  bioremediation  are  identified  and  discussed. 
The  use  of  these  steps,  accompanied  by  a  suggested  flowchart,  should  assist  in  processing 
information  during  evaluation  or  monitoring  of  bioremediation.   The  seven  steps  are: 

1)  Identification  and  characterization  of  the  contaminant(s). 
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2)  Assessment  of  contaminant  biodegradability  through  scientific  literature  and 
laboratory  treatability  studies.  These  tests  yield  data  that  addresses  the  potential 
of  a  proposed  bioremediation  strategy  to  meet  performance  goals.  Laboratory 
screening  should  provide  "yes/no"  determinations  of  the  validity  of  a  suggested 
biotreatment  process  and  should  quickly  screen  out  inappropriate  strategies  prior 
to  their  evaluation  by  costly  bench-  and/or  pilot-scale  smdies.  Laboratory 
treatability  studies  should  also  identify  parameters  (i.e.,  reaction  mechanisms, 
transport  pathways)  that  will  require  specific  attention  during  bench-  and/or  pilot- 
scale  testing  and  should  direct  the  focus  of  these  subsequent  studies. 

3)  Characterization  of  the  contaminated  environment  including  geochemical, 
hydrogeological  and  microbial  characterization. 

4)  Bench-scale  treatability  studies  to  assess  case-specific  biodégradation  using  the 
proposed  bioremedial  strategy.  Bench-scale  treatability  systems  should  be 
representative  systems  designed  to  verify  that  the  technology  selected  can  meet 
expected  cleanup  goals.  These  systems  should  generate  cost  and  design  data  and 
should  allow  design  of  an  appropriate  pilot-scale  {i.e.,  field)  program  based  on 
sound  science  and  engineering. 

5)  Assessment  of  potential  biostimulation  and  feasibility  of  adjusting  environmental 
conditions. 

6)  Pilot-scale  (field)  testing  of  bioremediation  scenarios  to  determine  time  required 
for  cleanup,  level  of  attainable  cleanup,  and  cost  of  cleanup.  Pilot-scale  testing 
should  consider  field-scale  limitations  imposed  by  geochemical  and/or 
hydrogeological  constraints  (i.e.,  soil,  chemical,  and  biological  heterogeneity, 
permeability)  and  mass  transfer  and  fluid  transport  limitations.  The  scope  of  the 
pilot  test  should  be  large  enough  that  realistic  complications  will  be  encountered. 
Ultimately,  pilot-scale  testing,  and  the  entire  stepwise  process  outlined,  should 
yield  the  most  reliable,  time  and  cost  effective  strategy  for  bioremediation. 

7)  Monitoring  to  validate  bioremediation. 
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Various  laboratory  (microcosm)  and  field  (in  situ  testers)  methods  are  discussed  with  particular 
attention  on  how  to  improve  the  interpretation  of  laboratory  data  and  how  to  apply  such  data  to 
field  applications. 

In  summary,  this  repon  presents  considerations  for  evaluating  bioremediation  and  microbial 
inoculants  fi-om  primarily  an  efficacy  standpoint  although  several  environmental  and  public  health 
issues  have  also  been  addressed  regarding  the  use  of  microbial  inoculants.  The  considerations 
discussed  herein  are  based  on  the  latest  available  data.  As  with  any  emerging  technology,  new 
field  and  laboratory  research  will  generate  data  that  may  result  in  the  addition,  adaptation  or 
deletion  of  information  requirements.  Only  through  familiarity  with  existing  information 
requirements  and  developments  in  laboratory  and  field  research,  can  the  minimum  information 
required  to  evaluate  bioremediation,  both  a  priori  and  post  priori,  be  ascertained. 
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1.0       INTRODUCTION 

Increased  use  of  bioremediation  in  the  cleanup  of  environmental  contamination  has  led  to  concern 
over  the  efficacy  of  biologically-mediated  treatments  methods.  The  establishment  and  continual 
expansion  of  a  biological  treatment  industry,  has  increased  the  importance  of  identifying 
information  requirements  and  criteria  which  can  be  used  to  evaluate  bioremediation  proposals  and 
to  validate  bioremediation  claims. 

Bioremediation  refers  to  a  managed  or  spontaneous  process  in  which  biological,  especially 
microbiological,  catalysis  acts  on  chemical  compounds,  thereby  detoxifying  or  eliminating 
environmental  contamination.  This  may  involve  biodégradation,  which  is  the  complete 
conversion  of  the  contaminant  to  inorganic  by-products  such  as  carbon  dioxide  and  water  (i.e., 
mineralization)  or  may  involve  conversion  of  the  contaminants  to  other  compounds  (i.e., 
biotransformation).  Bioremediation  synonyms  include,  bioreclamation,  biostimulation  and 
biotreatmenL   Each  term  is  defined  in  the  Glossary  of  Terms  in  Appendix  A. 

Cuirent  bioremediation  applications  can  be  divided  into  three  separate  processes,  designated  in 
this  report  as  off-site,  on-site  and  in  situ.  Off-site  biological  treatment  consists  of  methods 
practised  at  waste  treatment  facilities  and  sewage  treatment  plants,  for  which  regulatory 
guidelines  and  controls  have  been  firmly  established.  Off-site  biological  treatment  will  not  be 
addressed  in  this  report 

On-site  biological  treatment  involves  removal  of  contaminated  materials,  generally  by  excavation 
of  soils  or  pumping  of  groundwater,  followed  by  their  treatment  at  the  contaminated  site.  On-site 
applications  may  include  composting  or  treatment  in  any  engineered  system  such  as  biofilm  or 
bioslurry  reactors.  The  use  of  commercial  inoculants  is  often  associated  with  on-site  treatments 
as  desirable  allochthonous  microorganisms  can  be  added  to  engineered  systems  or  compost  piles 
to  enhance  biodégradation. 

In  situ  bioremediation  is  defined  as  the  enhancement  of  biological  (e.g.,  degradative)  activity  in 
soils  and/or  groundwater  in  place.  Many  organizations  incorrectiy  define  the  bioremediation 
process  as  in  situ  when  it  is  acmally  an  on-site  treatment.  In  situ  bioremediation  may  involve 
manipulation  of  geochemical  and/or  environmental  conditions,  addition  of  selected,  adapted  or 
engineered  microorganisms  and/or  pumping  of  groundwater  for  the  purpose  of  hydrogeological 
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control  or  nutrient  addition  but  does  not  involve  contaminant  treatment  in  engineered  systems. 

In  recent  years,  the  use  of  on-site  and  in  situ  bioremediation  has  increased  but  questions  on  the 
efficacy  of  the  processes  still  exist  Lacking  has  been  scientifically  sound  information  on  which 
to  base  regulatory  decisions  for  the  use  of  bioremediation.  Specifically  lacking  are  guidelines 
to  determine  if  bioremediation,  as  opposed  to  other  physicochemical  process(es),  has  been 
responsible  for  contaminant  removal,  degradation  and/or  detoxification.  Guidelines  are  also 
lacking  for  evaluating  the  efficacy  of  inoculants  to  enhance  bioremediation. 

1.1       Objectives  of  the  Study 

The  objective  of  this  report  is  two-fold;  one,  to  develop  a  reference  source  which  summarizes 
microorganisms  currendy  used  or  expected  to  be  used  for  bioremediation,  and  second,  to  develop 
a  criteria  document  for  evaluating  bioremediation  (a  priori  and  post  priori).  The  document 
provides  the  framework  within  which  bioremediation  proposals  and  claims  can  be  evaluated.  The 
framework  has  been  divided  into  three  major  divisions:  inoculants  (Chapter  2.0),  information 
requirements  (Chapter  3.0),  and  evaluation  of  bioremediation  (Chapter  4.0). 

Chapter  2.0  examines  commercial  inoculants  currendy  available  and  provides  a  summary  of  their 
contents,  and  their  current  suggested  uses.  Future  directions  in  the  production,  type  and  use  of 
inoculants  is  addressed.  An  extensive  discussion  on  the  factors  that  should  be  considered  in  the 
use  of  inoculants  is  also  provided. 

Chapter  3.0  presents  the  suggested  information  requirements  and  criteria,  and  information  on 
processes  which  could  be  used  for  evaluation  and  monitoring  of  bioremediation.  The  rationale 
for  each  suggested  information  requirement  is  discussed  and  fully  referenced.  The  suggested 
information  requirements  have  been  selected  to  encompass  both  on-site  and  in  situ  applications 
of  bioremediation.  However,  in  several  cases  an  information  requirement  may  be  exclusive,  or 
more  applicable,  to  either  on-site  or  in  situ  bioremediation.  Similarly,  specific  information 
requirements  will  be  exclusive  to  either  evaluating  or  monitoring  bioremediation.  Information 
requirements  which  are  exclusive  are  appropriately  noted. 

Chapter  4.0  presents  a  suggested  step-wise  process  for  evaluation  of  bioremediation  and  is 
accompanied  by  a  comprehensive  flowchart  which  could  be  used  to  quickly  process  information 
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during  evaluation  or  monitoring  of  bioremediation.  All  information  requirements  and  pnxesses 
in  the  flowchart  are  cross  referenced  to  the  specific  sections  within  the  document 

Beak  Consultants  Limited  (BEAK)  believes  that  this  document  should  be  useful  in  determining 
when  bioremediation  is  feasible,  and  when  bioremediation  should  not  be  applied. 

IJ.       Study  Approach 

1.2.1    Survey  of  Microbial  Inoculants  for  Bioremediation 

An  exhaustive  survey  of  the  Canadian,  U.S.  and  international  private  sectors  and  research 
institutions  was  undertaken  to  determine  current  uses  of  bioremediation.  Identification  of 
enterprises  and  agencies  was  made  through  contacts  of  Beak  Consultants  Limited  (BEAK),  a 
review  of  the  current  bioremediation  journals,  books,  government  agency  reports,  conference 
proceedings  and  company  promotional  material.  Enterprises  were  also  identified  through 
international  symposium  lists  and  referrals  from  respondents.  Each  reference  has  been  properly 
cited  including  author,  tide  and  source. 

Two  hundred  and  one  (201)  individuals  representing  189  organizations  were  invited  to  respond 
to  a  questionnaire  (Appendix  B).  In  several  cases,  more  than  one  office  for  an  organization  was 
contacted.  Contacts  were  asked  to  indicate  whether  the  organizations  they  represented  practised 
bioremediation  and  whether  they  used  aUochthonous  microorganisms  in  their  bioremediation 
practices.  Organizations  making  aUochthonous  additions  were  asked  to  identify  (genus,  species) 
the  microorganisms  which  they  used  and  their  source  of  inoculum.  Contacts  were  also  asked  to 
list  the  chemicals  that  were  or  could  be  degraded  by  the  microorganisms  as  well  as  the 
applications  for  which  the  microorganisms  were  or  could  be  used  (i.e..  On-site  versus  in  situ 
treatments). 

The  extant  scientific  literature  was  also  surveyed  to  identify  microbial  inoculants  that  could  be 
used  in  the  future.  In  particular,  attention  was  given  to  microbial  species  that  are  or  could  be 
genetically  engineered  to  possess  useful  catabolic  activities  or  enhanced  survival  capabilities. 
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1.22    Development  of  Information  Requirements  and  Criteria  for  Bioremediation. 

One  hundred  and  thirty-six  (136)  individuals  representing  1 16  research  instimtions  were  contacted 
and  asked  to  identify  information  and  criteria  which  they  feel  are  important  in  evaluating  and/or 
monitoring  bioremediation.  In  several  cases,  more  than  one  individual  was  contacted  at  a  research 
institution.  Individuals  were  also  asked  to  suggest  appropriate  endpoints  for  the  information 
requirements  and  were  invited  to  submit  any  literature,  both  published  and/or  unpublished  (e.g., 
manuscripts),  which  they  felt  would  support  their  decisions  or  fill  our  knowledge  base. 

As  a  result  of  the  survey,  BEAK  was  able  to  obtain  references  and  copies  of  obscure  (i.e.,  trade 
journal)  articles,  internal  progress  reports  and  fmal  reports,  promotional  materials,  unpublished 
manuscripts  (in  preparation  or  submitted),  paper  presentations,  conference  proceedings,  theses, 
case  histories  and  personal  communications. 

Based  on  the  information  obtained  and  theoretical  considerations,  scientifically  sound  information 
requirements  and  criteria  were  developed.  These  suggested  information  requirements  and  criteria 
could  be  used  to  evaluate  the  feasibility  of  applying  bioremediation  as  well  as  to  monitor  and 
validate  bioremediation.  Various  protocols  for  collecting  the  appropriate  data  were  also 
identified.  A  generalized  flowchart  was  developed  to  assist  in  the  assessment  of  the  suggested 
information  requirements. 
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2.0  MICROBIAL  INOCULANTS  FOR  BIOREMEDUTION 

2.1  Organizations  Involved  in  Bioremediation 

Of  the  189  commercial  organizations  contacted,  53  (28%)  responded  to  the  questionnaire.  Table 
2.1  lists  responding  organizations  and  indicates  the  involvement  of  these  organizations  in 
bioremediation.  Table  2.2  summarizes  the  bioremediation  involvement  of  the  organizations  listed 
in  Table  2. 1  and  includes  a  breakdown  of  survey  results  in  terms  of  Canadian  and  International 
(non-North  American)  organizations.  Appendix  C  provides  a  complete  list  of  organizations  and 
individuals  contacted  for  the  microbial  inoculant  survey. 

Table  2.2  shows  that  41  of  the  53  (77%)  responding  organizations  are  involved  in  bioremediation. 
The  involvement  of  these  organizations  can  be  categorized  as  follows: 

•  project  management  of  bioremediation; 

•  manufacture  and  sale  of  allochthonous  microorganisms;  and 

•  treatability  and  feasibility  studies. 

Several  organizations  are  involved  in  more  than  one  aspect,  for  example,  some  organizations 
manufacture  allochthonous  microorganisms  and  manage  bioremediation  projects.  In  addition  to 
the  above  categories,  several  organizations  were  identified  as  manufacturers  of  specific  nutrient 
amendments  and  enhancing  elements  to  aid  bioremediation  processes. 

Of  the  41  responding  organizations  involved  in  bioremediation,  37  (90%)  practice  (apply) 
bioremediation  (Table  2.2).  Of  these  37  organizations,  20  (54%)  use  or  have  used  allochtiionous 
microorganisms  in  bioremediation  projects  (Table  2.2).  This  includes  organizations  who  have 
isolated  a  microorganism  or  consortium  from  a  site,  cultured  (with  or  without  enhancing)  the 
desired  microorganism(s),  and  inoculated  the  microorganism(s)  back  at  the  site  (or  any  other  site). 
While  the  microorganisms  are  not  novel  to  the  site,  they  are  considered  as  allochthonous  in  this 
report  (see  section  2.2). 

The  balance  of  organizations  (46%)  practising  bioremediation  prefer  to  use  indigenous 
microorganisms  in  the  remediation  of  contaminants.  Many  respondents  raised  questions  about 
the  efficacy  of  allochthonous  microorganisms.  A  review  of  respondents  comments  on  the 
benefits  and  disadvantages  of  commercial  inoculants  is  provided  in  Section  2.4. 
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A  total  of  20  organizations  supply  allochthonous  microorganisT"<;  for  biorcmediation,  however, 
only  4  (20%)  of  these  organizations  are  involved  solely  in  tht  roduction  and  supply  of  these 
microorganisms  (Table  2.2).  The  remaining  16  (80%)  organizations  perform  treatability  studies 
and  apply  bioremediarion  using  their  own  microbial  inoculants  (Table  2.2).  Several  of  these 
companies  do  not  manufacture  their  own  inocula  but  obtain  it  from  another  firm  under  a  private 
label   The  relationship  of  these  companies  is  confidential. 

In  terms  of  Canadian  involvement  in  biorcmediation,  33%  of  commercial  organizations  contacted 
responded  to  the  questionnaire.  Of  the  ten  (10)  responding  organizations,  90%  are  involved  in 
biorcmediation,  50%  add  allochthonous  microorganisms  and  30%  supply  allochthonous 
microorganisms.  None  of  the  responding  organizations  arc  solely  involved  in  the  manufacture 
and  supply  of  microorganisms  (Table  2.2). 

22       Survey  of  Commercial  Inoculants 

Table  2.3  provides  details  on  the  types  of  allochthonous  microorganisms  which  arc 
"manufactured"  and  supplied  for  biorcmediation.  In  cases  where  the  information  was  not 
proprietary,  the  source  of  microorganisms  was  identified.  Several  organizations  were  hesitant  to 
divulge  the  taxonomic  contents  of  their  formulations  and  as  such  provided  only  trade  names  or 
identified  the  contents  as  a  consortia.  However,  more  taxonomic  information  than  we  expected 
was  provided  and  as  such.  Table  2.3  provides  a  reasonable  overview  as  to  the  microbial  contents 
of  inoculants  currcntiy  available. 

Figurc  2.1  shows  the  ft^quency  of  citation  of  microorganisms  in  the  inoculants  in  Table  2.3. 
Pseudomonas  is  the  most  commonly  cited  genera  at  33%,  followed  by  Bacillus  at  13%, 
Mycobacterium  and  Micrococcus  at  6%  and  Phanaerochaeies,  Alcaligenes,  Nocardia, 
Rhodococcus  and  Acinetobacter  each  at  4%  (Table  2.3).  The  remaining  22%  of  citations 
consisted  of  individual  citations  of  Thiobacillus,  Psychrobacter,  Anhrobacter,  Actinomycetes, 
Flavobacterium,  Methylosinus,  Saccharomyces,  Nitrobacter,  Nitrosomonas,  Aspergillus, 
Myxobaaer  and  Corynebacter  (Table  2.3). 

Table  2.4  provides  ecological  profiles  for  each  of  the  microbial  genera  identified  in  Table  2.3. 
A  description  of  the  genus,  its  typical  habitat,  enzymatic  capabilities,  limitations  and  potential 
substrates  are  given.  Concerns  over  the  use  of  the  microorganisms,  particularly  with  respect  to 
enviroimiental  and  public  health  are  also  provided. 
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A  common  practice  among  organizations  involved  in  bioremediation  is  to  isolate  microorganisms 
which  degrade  certain  types  of  contamination.  For  example,  an  organization  may  isolate  a 
particular  hydrocarbon  dégrader  or  consortia  from  a  site  contaminated  with  hydrocarbons.  These 
microorganisms  are  cultured  in  the  laboratory  and  their  abilities  are  often  selectively  enhanced 
The  microorganisms  are  tiien  introduced  back  at  the  site  in  numbers  far  exceeding  their  natural 
carrying  capacity.  In  this  manner,  the  numbers  and  the  biodegradative  abilities  of  the  microbial 
population  originally  present  at  the  site  have  been  improved.  In  many  cases,  the  culmred 
microorganisms  are  used  as  inocula  for  subsequent  bioremediation  activities.  For  the  purpose 
of  this  report,  microorganisms  isolated  from  a  contaminated  environment,  cultured  and  used  as 
an  inoculant  are  considered  allochthonous  microorganisms. 

2.3       Application  of  Commercial  Inoculants 

A  significant  number  of  recognized  pollutant  compounds  can  be  biodegraded  or  biotransformed 
by  microorganisms.  Table  2.5  lists  examples  of  published  microbial  biotransformations  derived 
through  laboratory  degradation  studies.  Unfonunately,  few  of  these  chemicals  have  been 
biotransformed  in  field  environments  (microcosm  and/or  small-scale  field  trials)  and  a  paucity 
of  data  exists  on  the  survival,  activity  and  competitive  ability  of  the  listed  microorganisms.  The 
value  of  this  list  is  that  it  provides  an  idea  of  what  microorganisms  we  may  begin  to  see  in 
commercial  inoculants  and  in  bioremediation  ventures. 

Figure  22  shows  the  frequency  of  citation  of  chemical  classes  which  can  be  biodegraded  by  the 
inoculants  listed  in  Table  2.3.  Biodégradation  of  these  chemical  classes  is  discussed  in  section 
3.1.2.1.  Of  the  approximately  75  commercial  inoculants  identified,  31%  are  for  use  in 
biodégradation  of  aliphatics,  namely  petroleum  hydrocarbons.  Less  than  2%  of  inoculants  were 
suggested  for  use  in  biodégradation  of  halogenated  polyaromatics  such  as  polychlorinated 
biphenyls  (PCBs).  Similarly,  only  6%  of  inoculants  are  suggested  for  biodégradation  of 
polycyclics  (often  pesticides),  while  9%  of  inoculants  were  suggested  for  use  in  biodégradation 
of  halogenated  aliphatics  such  as  trichloroethene  and  other  solvents.  No  inoculants  were 
suggested  for  use  in  the  bioremediation  of  metal  contamination. 

With  respect  to  applications,  72%  of  the  inoculants  listed  in  Table  2.3  arc  recommended  for  use 
in  on-site  applications  {e.g.,  bioreactors,  composting)  while  79%  of  the  inoculants  listed  (Table 
2.3)  are  recommended  for  in  situ  bioremediation  (soil  and  groundwater  cleanup,  landfarming). 
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2.4       Considérait  os  in  the  Use  of  Commercial  Inoculants 

Vendors  of  cinrent  commercial  inoculants  cite  a  number  of  benefits  of  their  products,  mostly 
stemming  from  convenience  and  time  constraints.  The  most  important  benefit  of  their  inoculants 
is  efficiency.  Through  intentional  culturing,  characterization  and  blending,  commercial  inoculant 
blends  can  be  optimized  in  advance  for  high  efficiency.  Individual  blends  can  also  be  custom 
tailored  for  specific  environments  and  contaminant  exposures.  This  should  ensure  that  adaptation 
periods  are  small  and  activity  is  optimum. 

In  addition,  the  nutritional  and  physiological  needs  (i.e.,  pH,  temperature)  of  the  degrader- 
microorganisms  are,  or  should  be,  well  defined.  The  bacteria  can  then  be  added  in  large 
quantities  with  relatively  shor  notice,  and  can  be  replenished  according  to  set  schedules. 
Closer  scrutiny  of  these  benefits,  however,  reveals  significant  limitations  of  commercial 
inoculants  for  enhancement  of  in  situ  and  on-site  biorcmediation.  A  number  of  researchers 
contacted  through  the  inoculant  survey  raised  concerns  over  the  efficacy  of  microbial  inoculants 
and  over  public  and  environmental  health.  These  concerns  and  considerations  in  the  use  of 
commercia  inoculants  are  discussed  below. 

2.4. 1    Efficacy 

The  question  of  efficacy  of  microbial  inoculants  is  largely  based  on  theoretical  considerations  of 
microbial  ecology.  Existing  microbial  communities  tend  to  represent  climax  ecological 
communities  which  have  survived  natural  selection  and  are  thus  best  suited  to  occupy  their  niche. 
As  such,  these  communities  often  exhibit  the  property  of  homeostasis  and  are  quantitatively  and 
qualitatively  stable  when  subjected  to  moderate  levels  of  biotic  or  abiotic  stress  (Suflita,  1989a). 
It  is  ecologically  unreasonable  to  expect  competitive  success  from  inoculants  produced  without 
competition  in  the  laboratory  and  then  forced  into  in  situ  competition,  unless  the  inoculants  have 
been  subjected  to  a  rigorous  research  program  designed  to  select  for  competitive  strains  (Trevors, 
pers.  comm.). 

Dr.  Ryan  Dupont  (pers.  comm.)  and  the  Utah  Water  Research  Laboratory  have  undertaken  several 
experiments  dealing  with  modifications  of  contaminated  environments  to  stimulate  indigenous 
microbial  populations.  None  of  the  studies  relied  on  the  use  of  exogenous  microorganisms  and 
none  were  limited  by  the  indigenous  populations  available  from  the  native  soils.  He  states,  "Our 
experience  has  made  us  quite  sceptical  of  claims  of  microbial  amendment  vendors,  or  of  the  need 
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for  that  matter  for  adding  organisms  to  natural  environments.  Questions  arise  as  to  the  abUity 
of  lab-cultured,  substrate  specific  organisms  to  survive  fierce  competition  from  indigenous 
cultures  which  have  evolved  under  natural  conditions". 

The  fierce  competition  between  allochthonous  and  indigenous  microorganisms  referred  to  by 
Dupont  is  for  available  niches,  space  (surfaces),  microhabitats  and  nutrients.  This  competition 
will  occur  in  situ  and  in  on-site  treamient  systems  (e.g.,  reactors)  in  which  microbial  inocula  is 
added  to  contaminated  soil  or  water  containing  indigenous  microorganisms.  Successful 
establishment  of  an  inoculant  will  be  greater  in  soils  and  waters  that  have  had  the  indigenous 
microbial  population  reduced  or  eradicated.  The  potential  to  successfully  inoculate  contaminated 
soils  and  waters  will  increase  in  on-site  systems  that  pre-treat  die  soil  or  water  to  reduce  the 
population  density  of  indigenous  microorganisms.  The  degree  of  reduction  of  the  indigenous 
populations  will  be  a  function  of  die  carrying  capacity  of  the  particular  soil  and  water,  and  die 
effectiveness  of  die  remaining  population  to  colonize  as  compared  to  the  allochdionous  microbes. 

Prédation  on  die  microbial  population  by  protozoans  also  negatively  impacts  on  die  success  of 
allochdionous  microbes.  Dr.  Tom  Phelps  (pers.  comm.)  states  that  die  use  of  inoculants  should 
be  approached  widi  caution  as  protozoa  rapidly  graze  upon  allochdionous  microorganisms.  Rapid 
removal  by  prédation  of  die  allochdionous  microorganisms  occurs  because  they  are  introduced 
in  high  numbers  and  cannot  move  into  protected  microhabitats  faster  dian  the  grazing  rate  of  the 
protozoans.  Phelps  also  discussed  how  several  of  his  experimental  bioreactors  were  quickly 
colonized  by  protozoans  that  are  naturally  present  in  groundwaters. 

An  example  of  the  survival  of  allochthonous  microorganisms  is  provided  in  Table  2.6.  This  table 
shows  that  in  all  but  on  case,  allochthonous  microorganisms  introduced  in  manured  and  limed 
soils  failed  to  survive  significantiy  beyond  45  days  after  inoculation.  The  success  of 
allochthonous  microorganisms,  particularly  in  oUgotrophic  environments,  would  likely  follow 
similar  trends. 

The  "fimess"  of  a  microbial  inoculant  may  also  influence  its  success.  Often  the  manner  in  which 
die  laboratory  cultures  are  grown  and/or  stored  significandy  affect  dieir  subsequent  survival  and 
activity  in  die  open  environment  (Trevors,  pers  com.).  For  example,  microorganisms  grown  in 
nutrient  rich  conditions  may  not  be  metabolically  poised  for  die  nutrient  poor  {i.e.,  oligotrophic) 
conditions  present  in  many  soils  and  waters. 
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Cell  survival  and  activity  of  lab-cultured  strains  in  the  environment  can  however,  be  extended 
by  improving  the  specific  formulations  of  the  products  (Trevors,  pers.  comm.).  For  example, 
microorganisms  introduced  into  nutrient  poor  environments  may  "leak"  essential  minerals  such 
as  magnesium  (required  for  stabilization  of  ribosomes,  membranes,  nucleic  acids)  and  potassium 
(required  to  activate  many  enzymes)  because  of  membrane  damage.  Growing  the  microorganisms 
in  a  media  containing  elevated  levels  of  magnesium  and  potassium,  may  enhance  the  survival  and 
activity  of  introduced  microorganisms.  The  use  of  an  appropriate  carrier  may  also  extend  the 
survival  of  allochthonous  microorganisms  in  novel  settings  (Trevors,  1991b).  Carriers  may 
increase  survival  by  creating  an  additional  niche  within  which  the  introduced  microorganism  can 
colonize  and  survive  (e.g.,  peat,  alignate,  woodchips).  Carriers  may  also  ensure  that  key  or 
unique  nutrients  are  in  close  proximity  to  the  introduced  microbes,  thus  promoting  successful 
establishment  and  colonization  of  the  surrounding  habitats.  Additional  research  is  needed  in  these 
areas. 

A  major  limitation  to  the  in  situ  use  of  allochthonous  microorganisms  is  that  it  is  difficult  to 
ensiu-e  their  distribution  within  soils  and  groundwaters  due  to  factors  such  as  adsorption,  survival, 
filtration,  and  prédation  (Pekdeger  and  Matthess,  1983,  Matthess  and  Pekdeger,  1985;  Phelps, 
pers  com.).  The  problem  of  adequate  distribution  is  of  less  concern  in  engineered  systems  such 
as  bioreactors  or  biopiles  because  the  soil  and  water  can  be  mechanically  mixed. 

In  general,  our  understanding  of  how  microorganisms  survive,  interact  and  function  in 
competitive  environments  is  limited.  Often,  emphasis  has  been  placed  on  what  chemicals  a 
particular  species  of  microorganism  can  biodegrade,  or  how  can  we  modify  the  organisms  to 
obtain  desired  catabolic  activity(ies).  Too  Uttie  effort  has  been  spent  assessing  first  what  makes 
a  microorganism  a  good  competitor  in  a  given  enviroimient,  and  then  engineering  the 
environment  to  favour  the  desired  microorganism.  Combining  effective  competitors  and  a 
favourably  engineered  environment  will  likely  increase  the  success  of  bioremediation. 

Another  concern  over  the  use  of  inoculants  is  the  ability  to  add  sufficient  biomass,  notably  in 
situ,  to  initiate  activity  and  achieve  desired  results.  Dr.  Barbara  Hemmingsen  (pers.  comm.) 
believes  that  it  is,  in  principle,  nearly  impossible  to  add  enough  laboratory  grown  bacteria  to  the 
soil  to  make  a  difference,  especially  since  such  bacteria  probably  can't  compete  with  the  existing 
10  to  10  indigenous  bacteria  per  mL  or  per  gram  of  soil  (dry  weight).  The  cost  of  such 
additions,  to  levels  causing  notable  effects  (50%  of  the  total  population)  coidd  make 
bioremediation  unfeasible.    Situations  may  however  exist  whereby  a  unique  microbial  strain 

8007.1  FINAL  REPORT  2.6 


emerges  from  a  sound  scientific  research  program  and  proves  to  be  a  good  competitor  under 
certain  environmental  circumstances  (Tievors,  pers  comm). 

Merken  Laboratories  (promotional  brochure)  and  Polybac  Corporation  (Magniarini,  pers.  comm.) 
defend  the  use  of  inoculants  by  indicating  that  it  is  not  the  intention  of  vendors  to  provide  a 
ready  made  population  which  will  immediately  digest  contaminants  but  rather  their  intention  is 
to  apply  a  sufficient  amount  of  product  to  give  an  initial  population  of  10  microorganisms  per 
gram  of  soil.  It  is  their  belief  that  this  concentration  ensures  a  sufficient  population  will  be 
provided  for  rapid  bacterial  growth.  However,  this  "rapid  microbial  growth"  depends  upon  the 
ability  of  added  bacteria  to  survive  and  out-compete  the  indigenous  microorganisms  during 
imposed  changes  in  nutrient  and  physicochemical  conditions.  Even  if  the  surviving  allochthonous 
microbes  can  be  selectively  enhanced  to  grow  faster  than  the  indigenous  population,  acceptable 
biodégradation  rates  may  not  ensue  as  the  allochthonous  microorganisms  may  utilize  other  non- 
target  compounds  (see  section  3.2.2.6)  for  their  growth  and  survival. 

In  comparing  bio- augmentation  with  natural  degradation  (biostimulation),  Merkert  Laboratories 
feels  the  former  gieatiy  increases  the  rate  of  degradation.  While  microorganisms  naturally 
present  can  degrade  contaminants,  they  are  often  present  only  in  the  upper  few  centimetres  of 
soil  and  their  cell  density  is  low.  These  organisms  are  greatiy  diluted  when  mixed  with  a  large 
amount  of  excavated  soil.  The  dilution  factor  can  be  so  large  that  it  takes  an  excessively  long 
time,  if  ever,  to  establish  a  working  population  of  appropriate  microorganisms.  This  rational  does 
not  agree  with  research  conducted  over  the  past  15  years  which  indicates  that  a  substantial 
population  of  active  microorganisms  (10  microorganisms  per  gram  dry  weight  of  soil)  exist  to 
deptiis  of  over  UOO  feet  (Phelps  et  ai,  1989;  Sulflita,  1989a). 

In  general,  it  is  difficult  to  assess  claims  by  microbial  inoculant  vendors  as  they  do  not  monitor 
for  the  microorganisms  they  introduce,  nor  do  they  check  background  papulations  to  determine 
if  their  microorganisms  are  already  present  at  the  site.  It  is  thus  difficult  to  confirm  if 
allochthonous  or  indigenous  microorganisms  were  responsible  for  observed  biotransformation 
and/or  reduction  in  toxicity. 

Several  organizations  (OHM  Corporation,  ADS  Associes,  CET/Thome  Environmental)  have 
undertaken  bioremediation  using  indigenous  microorganisms.  Mr.  Paul  Flatham  of  OHM 
Corporation  (pers.  comm.)  believes  that  the  microorganisms  in  commercial  inoculants  are  present 
in  most  natural  environments,  and  in  most  cases,  the  desired  indigenous  microorganisms  can  be 
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stimulated  to  undertake  bioremediation.  Table  2.7  provides  a  list  of  microorganisms  that  have 
been  detected  in  or  .^olated  from  contaminated  soil  and/or  groundwater.  When  compared  with 
the  contents  of  current  commercial  inoculants,  it  is  evident  that  very  few  microorganisms  used 
in  microbial  inoculants  aie  not  present  in  natural  and/or  contaminated  environments.  This 
underlines  the  need  for  a  priori  characterizadon  of  the  indigenous  microbial  community  structure 
(section  3.3^)  and  microbial  activity  (3.3.3)  to  ensure  the  need  for  an  inoculant 

Perhaps  the  major  factor  limiting  acceptance  of  commercial  inoculants  is  the  lack  of  conclusive 
proof,  based  on  efficacy,  that  the  use  of  such  inoculants  constitutes  wise  scientific  and  financial 
practice.  Dr.  Barbara  Hemmingsen  (pers.  comm.)  has  received  and  tested  the  efficacy  of 
aUochthonous  microorganisms  from  three  different  producers  and  she  states  "it  is  clear  that  their 
addition  did  not  noticeably  affect  the  rate  of  disappearance  of  the  full  hydrocarbon  from  the  soil." 
Hemmingsen  goes  on  to  indicate  that  the  commercial  preparations  used  contained  only  0.01- 
0.001%  of  their  weight  as  bacteria,  and  in  two  out  of  three  cases  none  of  the  bacteria  present 
could  degrade  benzene,  toluene,  xylenes  or  phenanthrene  (which  the  commercial  producers  claim 
their  inoculants  could  degrade).  Misleading  claims  regarding  bioremediation  obviously  plague 
the  acceptance  of  commercial  inoculants.  The  use  or  abuse  of  such  claims  could  perhaps  be 
reduced  by  implementation  of  efficacy  and  quality  control  regulations. 

The  key  for  acceptance  of  inoculants  for  widespread  use  seems  to  be  provision  of  proof  that  these 
products  contain  live,  healthy  bacteria  of  the  proper  physiological  make-up  and  that  such  bacteria 
can  compete  with  native  bacteria  to  effect  the  breakdown  of  a  pollutant  Proof  will  require 
replicated  field  trials  using  proper  statistical  analysis,  evaluation  protocols  and  proper  controls. 
Dupont  states  that  none  of  the  case  studies  he  has  reviewed  have  actually  shown  the  effectiveness 
of  aUochthonous  microorganisms  because  the  studies  suffer  from  a  lack  of  even  simple  controls 
(side  by  side  plots  with  nutrient  solution  but  no  organisms  added),  and  even  smdies  from  what 
he  considered  reputable  firms  are  poorly  conceived  and  executed. 

2A2    Environmental  and  Health  Concerns 

The  use  of  commercial  inoculants  also  raises  important  environmental  and  public  health  concerns. 
Natural  strains  may  be  undesirable  plant  or  animal  pathogens  or  may  produce  toxins  (see  Table 
2.4).  Identification  and  evaluation  of  the  contents  of  microbial  inoculants  (notably  mixtures  of 
microorganisms)  will  be  important  to  prevent  the  release  of  undesirable  microorganisms  into  the 
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environment  and  to  ensure  proper  safety  during  manufacturing  and  proper  disposal  of  by-products 
of  the  manufacturing  process. 

Identification  of  culture  composition  will  also  be  crucial  for  quality  control  (i.e.,  assuring  the 
consistency  of  the  microbial  inoculant  composition  and  for  post  priori  analysis  of  why  a 
particular  bioremediation  effon  fails).  Lack  of  ability  to  track  and  monitor  released 
microorganisms  will  make  it  virtually  impossible  to  determine  the  cause  of  failure  of  a 
bioremediation  venture. 

Identification  of  microorganisms  in  inoculants  also  assists  in  identifying  strains  which  may  carry 
antibiotic  resistance  on  transmissible  plasmid  DNA.  This  would  be  undesirable  from  a  public 
health  perspective  as  it  may  introduce  antibiotic  resistance  into  the  gene  pool  of  a  given  open 
envirormaent.  Proper  identification  and  characterization  of  all  microorganisms  included  in 
commercial  inoculants  would  allow  detection  of  potentially  non-desirable  traits  and  would  prevent 
release  of  undesirable  microorganisms. 

Genetic  drift  and  spontaneous  mutation  (deletions)  may  also  be  experienced  by  microorganisms 
released  into  the  environment  The  very  nature  of  the  open  environment  with  transducing  phages, 
plasmids  and  transposons  present  suggests  that  some  amount  of  gene  transfer  will  occur.  The 
frequency  of  such  transfer  may  be  relatively  low  (10'  )  or  virtually  undetectable,  but  the  risk 
associated  with  transfer  of  catabolic  genes  should  be  addressed.  These  problems  should  be 
identified  at  the  research  and  development  stage,  possibly  by  microcosm  and/or  small-scale  field 
testing.  While  it  is  difficult  to  assess  mutation  and  gene  transfer  events,  it  will  be  important 
because  deletion  or  transfer  of  a  gene  essential  for  biodégradation  of  a  targeted  compound  may 
cause  failure  of  bioremediation. 

2^       Future  Direction  in  Commercial  Inoculants 

Three  active  research  areas  have  been  identified  by  various  researchers  are: 

•  isolation  of  additional  naturally  occurring  microorganisms  capable  of  biodegrading 
targeted  p>ollutants; 

•  improvement  of  existing  and  novel  microorgaitisms  to  enhance  their  competitive 
and  cataboUc  abihty  in  natural  environments.  Enhancement  may  include 
improving  the  charaaeristics  of  the  microorganisms  through  genetic  engineering 
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and  selection  or  by  identifying  and  controlling  the  factors  that  affect  their  survival 
and  activity;  and 
•  development  of  non-aqueous  microbial  formulations  and  carriers  which  increase 

the  stability  and  success  of  introduced  microorganisms  (see  section  2.4.1). 

There  is  a  need  to  isolate  and  properly  identify  more  novel  indigenous  microbial  strains  from 
contaminated  sites  and  assess  their  value  for  tiie  biodégradation  of  targeted  pollutants.  Rigorous 
scientific  study  of  new  strains  may  result  in  the  emergence  of  a  microbial  strain  of  excellent 
value  in  bioremediation.  Examining  die  genetic  and  molecular  aspects  of  cataboiic  genes  and 
the  physiology  of  existing  and  newly  isolated  microorganisms,  and  studying  the  ecology  of 
microorganisms  (through  microcosms  and  small-scale  field  trials)  will  be  essential  in  future 
bioremediation  research.  An  emphasis  will  also  likely  be  placed  on  the  use  of  radiolabelled 
tracer  studies  and  on  regtilated  controls  and  treatments  in  both  microcosms  and  small-scale  field 
trials.  Biodégradation  rates  are  often  relatively  slow  in  the  open  environment,  supporting  the 
need  for  better  designed  feasibility  studies  which  allow  extrapolation  of  laboratory  results  to  the 
field  (Alexander,  1985;  Trevors,  pers.  comm). 

Genetically  engineered  microorganisms  (GEMs)  are  currentiy  being  developed  for  use  in 
bioremediation  however,  regulatory  approval  for  use  of  GEMs  wHl  be  more  difficult  to  obtain 
than  approval  for  use  of  naturally  occurring  microorganisms.  Indigenous  strains  are  considered 
to  be  less  harmful  than  GEMs  from  an  environmental  and  public  health  perspective.  However, 
genetic  engineering  of  strains  may  potentially  be  useful  as  it  will  eliminate  many  problems 
discussed  in  section  2.4  (Le.,  use  of  pathogenic  microorganisms  and  microorganisms  harbouring 
antibiotic  resistances  and/or  transmissible  plasmids  could  be  avoided). 

GEMs  may  be  safer  from  both  environmental  and  public  health  perspectives  as  data  available  for 
these  strains  is  likely  extensive  if  the  research  has  been  comprehensive.  It  is  likely  that  GEMs 
will  find  their  first  application  in  bioreactors  in  which  their  release  can  be  closely  monitored  and 
controlled. 

Through  genetic  engineering,  microorganisms  with  appropriate  survival  abilities  could  receive 
cataboiic  genes.  Table  2.8  lists  a  number  of  microorganisms,  mostiy  pseudomonads  due  to  their 
ecological  fimess,  which  have  received  genes  encoding  novel  catabolism.  The  use  of  these 
GEMs  in  bioremediation  will  depend  on  successful  expression  of  the  gene(s)  in  the  environment 
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Expression  of  gene  products  may  be  low  in  the  natural  environment  and  it  is  possible  that  the 
targeted  pollutants  will  not  enter  the  GEM,  thereby  limiting  the  rate  of  biodégradation. 

The  use  of  GEMs  will  also  depend  on  the  stability  of  insened  genes  in  the  environment  For 
example,  genes  located  on  plasmids  or  transposons  (mobile  generic  elements)  may  be  lost  from 
cells  attempting  to  reduce  their  metabolic  load  and  as  such,  the  desired  metabolic  activity  may 
be  lost  Alternatively,  the  inserted  gene  may  be  transferred  to  indigenous  microorganisms, 
thereby  providing  indigenous  microbes  with  a  potentially  undesirable  attribute.  These  problems 
would  hopefully  be  identified  at  the  microcosm  testing  stage  in  the  laboratory,  and/or  during 
small-scale  field  trials. 
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3.0       IDENTIFICATION  OF  INFORMATION  REQUIREMENTS 

The  purpose  of  this  section  is  to  present  and  discuss  the  factors  that  influence  bioremediation. 
These  factors  were  culled  from  responding  researchers  (Table  3.1)  and  the  available  literature 
(Table  3.2).  The  theoretical  background  of  the  suggested  infonnation  requirements  and  the 
rational  for  their  inclusion  are  discussed  to  provide  the  reader  with  an  understanding  of  how  to 
evaluate  and  assess  bioremediation.  It  is  important  to  note  that  not  all  the  suggested 
information  requirements  are  needed  to  evaluate  bioremediation.  The  required  information 
and  criteria  will  be  case  specific  (Le.,  site  specific).  Section  4.0  indicates  how  to  use  and 
combine  information  to  properly  evaluate  and  validate  bioremediation. 

The  reader  is  advised  that  many  information  requirements  are  highly  interrelated  and  thus  they 
should  not  be  considered  in  isolation.  It  may  be  possible  to  infer,  or  fill  in,  missing  information, 
or  to  "logically  link  indirect  evidence"  to  come  to  a  conclusion  on  the  feasibility  or  success  of 
bioremediation  (Madsen,  1991b).  This  will  be  particularly  true  in  cases  where  collection  of  all 
suggested  information  is  not  feasible  or  when  it  is  not  possible  to  obtain  or  estimate  realistic 
values  for  the  information  requirements  identified. 

Where  possible,  criteria  (e.g.,  ranges  of  values  such  as  pH)  are  provided  within  which 
bioremediation  is  more  likely  to  proceed.  This  is  not  to  say  that  bioremediation  is  not  feasible, 
or  is  not  occurring,  if  the  criteria  are  not  met  or  if  measured  values  are  outside  ideal  ranges. 
Only  by  examining  the  available  information  in  its  entirety  can  a  particular  bioremediation 
proposal  or  application  be  evaluated. 

The  information  requirements  are  used  for  two  reasons;  1)  evaluating  the  feasibiUty  of 
bioremediation;  and  2)  monitoring  to  validate  bioremediation.  The  majority  of  the  suggested 
information  requirements  can  be  used  for  both  feasibility  and  validation  purposes,  but  several 
information  requirements  will  be  used  exclusively  for  validation  or  feasibility  evaluation.  The 
appropriate  use  of  each  information  requirement  is  noted. 

Similarly,  the  suggested  information  requirements  have  been  generalized  to  be  applicable  to  both 
in  situ  and  on-site  bioremediation.  However,  whereas  all  of  the  suggested  information 
requirements  are  appUcable  to  in  situ  bioremediation,  only  a  subset  are  applicable  to  on-site 
bioremediation.    We  believe  that  this  subset  covers  the  information  requirements  for  on-site 
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bioremediation.  Appropriate  information  requirements  for  on-site  versus  in  situ  bioremediation 
are  noted 

The  suggested  information  requirements  are  divided  into  three  main  categories,  which  are; 

•  contaminant(s).  Section  3.1; 

•  site  physicochemical  parameters.  Section  3.2;  and 

•  microbial  characterization.  Section  3.3. 

A  brief  overview  of  each  suggested  information  requirement  is  provided  below. 

3.1       Contaminant  Characterization 

The  nature  of  a  contaminant  may  dictate  if  its  biodégradation  is  possible,  and  if  so  the  rate  of 
degradaaon.  Information  requirements  for  contaminant  characterization  arc  subdivided  into  three 
key  sub-categories; 

•  identification  of  chemical  attributes  of  the  contaminant(s) 

•  biodegradabihty;  and 

•  characterization  of  contaminant  distribution. 

3.1.1     Contaminant  Attributes 

Many  chemicals  have  been  documented  to  be  biotransfonned  by  various  microorganisms  (see 
Table  2.5).  Generally,  if  the  published  scientific  Uterature  indicates  that  a  specific  chemical  or 
class  of  compounds  can  be  biodegraded  under  both  laboratory  and/or  "real"  environmental 
conditions,  the  greater  confidence  there  is  that  a  given  chemical  can  be  biodegraded  at  a  new  site, 
given  other  conditions  are  met  (section  3.2.1,  3.2.2).  For  example,  biodégradation  of  the  gasoline 
components  benzene,  toluene,  and  xylenes  (referred  to  as  BTX)  and  simple  straight  chain 
hydrocarbons  has  been  well  documented  in  terms  of  the  metabolic  pathways,  microorganisms  and 
enviroimiental  conditions  involved  or  required.  Thus,  there  will  be  greater  confidence  in 
successfully  bioremediating  sites  contaminated  with  BTX. 

However,  many  chemicals  exist  for  which  there  is  either  little  or  no  available  information  on  if 
or  how  they  are  metaboUzed.   In  these  cases,  it  may  be  possible  to  iititially  assess  the  potential 
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of  biodégradation  by  examining  various  chemical  attributes.  Information  on  chemical  structure 
(section  3.1.1.1),  solubility  (section  3.1.1.2),  volatilization  (section  3.1.1.3),  sorption  (section 
3.1.1.4),  and  chemical  reactions  (section  3.1.1.5)  serves  to  assess  contaminant  biodegradability 
for  bioremediation  evaluation  and  will  also  serve  to  assess  biodégradation  data  provided  during 
monitoring  programs. 

3.1.1.1  Chemical  Structure 

Certain  chemicals  are  inherendy  more  susceptible  to  microbial  degradation  than  others  owing  to 
differences  in  structure,  chain  length,  molecular  weight,  types  of  chemical  bonds,  branching,  and 
substituents.  Each  of  these  factors  may  affect  the  ability  of  a  microorganism  to  metabolize  a 
compound  and  obtain  energy  from  the  process,  and  as  such  these  factors  may  influence  the 
success  of  bioremediation.  Biodegradability  of  chemical  structures  can  be  somewhat  predicted 
based  upon  following  trends; 

•  The  rate  of  biodégradation  decreases  with  increasing  molecular 
weight  (and  decreasing  solubility).  For  example,  hydrocarbon 
liquids  (chain  length  of  10  to  13  carbon  atoms)  are  attacked  by  a 
large  number  of  microorganisms  while  viscous  and/or  solid 
hydrocarbons  (chain  length  of  19-24  carbon  atoms)  are  very 
insoluble  and  are  not  susceptible  to  microbial  attack  under  normal 
temperatures  (Rittman  ei  ai,  1991); 

•  Alcohols,  amines,  esters,  mercaptans,  carboxylic  acids  and  nitriles 
are  usually  biodegradable  but  may  accumulate  to  toxic  levels. 
Nitro  substitutions  and  ether  linkages  generally  increase  resistance 
to  biodégradation; 

•  Branching  of  straight  chain  contaminants  (i.e.,  cutting  oils) 
increases  recalcitrance; 

•  Aromatic  compounds  with  up  to  two  rings  (benzene,  naphthalene) 
are  often  biodegradable.  Recalcitrance  increases  as  the  number  of 
rings  increases; 
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•  Increasing  the  number  of  substituents  {i.e.,  NO2,  OH,  X)  on  a  ring 
generally  increases  recalcitrance   (see  Table  3.3); 

•  The  type  and  position  of  a  substituent  will  influence  the  rate  of  contaminant 
transformation  (i.e.,  dehalogenation,  Table  3.4). 

•  Increasing  halogenation  (addition  of  chlorine  is  most  common) 
generally  increases  recalcitrance  to  aerobic  biotransformation  but 
decreases  recalcitrance  under  anaerobic  conditions  {i.e.,  reductive 
dechlorination  by  anaerobic  microorganisms  such  as 
methanogens). 

Identification  of  the  structural  attributes  of  the  contaminant(s)  will  allow  predictions  to  be  made 
as  to  the  potential  recalcitrance  of  the  contaminant(s)  of  concern.  When  coupled  with 
identification  of  the  biodégradation  pathways  (section  3.1.2.1),  the  microbial  communities  (section 
3.3.2)  and  geochemical  (section  3.2.1)  conditions,  identification  of  the  structural  attributes  should 
allow  an  educated  guess  as  to  the  fate  of  the  contaminant(s).  If  there  is  indication  that 
biodégradation  is  feasible,  then  it  is  justifiable  to  conduct  treatability  studies  (Section  4.0). 

3.1.1.2  Solubility 

In  general,  there  is  a  direct  relationship  between  solubility  and  biodégradation  rate. 
Biodégradation  requires  that  cells  possess  a  means  of  transporting  substrates  (contaminants) 
across  the  cell  envelope  to  the  intracellular  site  of  catabolism  (Rittman  et  al,  1990).  Mass 
transfer  of  substrates  occurs  predominantly  through  uptake  of  contaminants  dissolved  in  the 
aqueous  phase.  Thus,  the  more  soluble  a  contaminant  is,  the  more  likely  it  is  to  be  transported 
into  the  cell  and  metabolized  Kobus  and  Kinzelbach  (1989)  attributed  accelerated  microbial 
acuvity  and  successful  bioremediation  to  the  complete  dissolution  of  the  organic  contaminants 
(hydrocarbons)  into  the  aqueous  phase  (groundwater),  which  guaranteed  complete  substrate 
availability.  Thus,  the  solubility  of  the  contaminant(s)  to  be  bioremediated  should  be  identified 
a  priori  to  determine  the  potential  availability  of  the  contaminant(s)  for  biodégradation.  Table 
3.5  provides  solubility  values  for  a  number  of  common  organic  contaminants. 

The  transfer  of  substrates  into  cells  can  also  occur  through  direct  contact,  depending  on  the  size 
of  the  molecule.   For  large  molecules  {e.g.,  hydrocarbon  chains)  addition  of  emulsifying  agents 
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may  be  required  to  effect  Pseudosolubilization.  This  will  increase  the  surface  area  of  the 
contaminant  and  may  increase  its  solubility,  possibly  leading  to  its  biodégradation.  Likewise,  the 
addition  of  biological  or  chemical  surfactants  may  increase  solubility.  The  use  of  organic 
biodegradable  surfactants  should  however  be  approached  with  caution  as  microbial  production 
of  gas  and  biomass  may  lead  to  clogging  of  the  treatment  system  (Kobus  and  Kinzelbach,  1989). 

Polymers  and  other  large,  complex,  insoluble  compounds  which  cannot  be  transponed  across  cell 
membranes  are  often  not  biodegraded.  Certain  microorganisms,  however,  can  degrade  these 
otherwise  recalcitrant  polymers  by  secreting  exoenzymes  which  cleave  the  polymer  into  smaller, 
more  soluble  components  which  can  be  taken  up  and  metabolized. 

The  solubility  of  most  contaminants  can  be  derived  from  current  literature  and,  if  necessary, 
solubility  values  can  be  obtained  from  experimental  quantification.  The  effect  of  contaminant 
solubility  on  microbial  biodégradation  rates  can  be  determined  by  treatability  studies  (i.e., 
microcosm,  section  4.0). 

Monitoring  the  solubility  of  hydrophobic  (low  solubility)  contanùnant(s)  during  bioremediation 
may  provide  an  indication  of  increased  bioactivity  and  may  provide  indirect  evidence  of 
bioremediation.  For  example,  many  microorganisms  release  emulsifying  agents  which  can 
increase  the  solubility  of  contaminants  and  thus  increase  their  availability.  Lee  et  al.  (1988) 
isolated  a  Pseudomonas  species  that  produced  an  emulsifying  agent  in  the  presence  of  PAHs, 
resulting  in  increased  PAH  solubility  and  thus  increased  aqueous  concentrations  of  PAHs. 

3.1.1.3  Volatilization 

Volatilization  is  the  rapid  transfer  of  a  molecule  from  an  aqueous  solution  to  the  vapour  phase 
(phase  transfer).  It  is  an  abiotic  factor  which  is  often  responsible  for  loss  of  contaminant  mass. 
The  volatilization  of  a  contaminant  will  depend  on  its  Henry's  Law  Constant  and  thus  the 
potential  for  ixiass  transfer  or  loss  through  volatilization  will  be  dependant  on  the  contaminant(s) 
involved-  Table  3.5  provides  Henry's  Constants  for  a  number  of  common  organic  contaminants. 
In  general,  as  the  Henry's  constant  increases,  the  potential  for  volatiUzation  increases. 

Monitoring  activities  should  consider  volatilization  for  several  reasons.  Firstiy,  migration  of 
volatile  contaminants  may  result  in  their  redistribution  and  may  increase  the  overall  extent  of 
contamination.  Secondly,  bioremediation  treatment  systems  may  promote  volatihzation  and  thus 
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mass  loss  of  the  contaminant  The  volatilized  contaminant  should  be  accounted  for  to  determine 
the  amount  of  mass  loss  that  can  be  attributed  to  biodégradation.  Ideally,  the  volatilized 
contaminant  should  be  treated  either  by  recirculation  through  the  biotreatment  system  or  by  an 
alternate  technology. 

3.1.1.4  Sorption 

It  is  not  coincidence  that  many  compounds  which  are  persistent  in  the  environment  arc  highly 
hydrophobic  and  water-insoluble,  and  are  therefore  present  in  the  aqueous  phase  at  very  low 
concentrations  while  present  at  high  total  concentrations  (Stroo,  unpubL).  The  effect  of  sorption 
on  biodégradation  is  quite  complex.  Results  of  several  smdies  (van  Loosdrecht  et  al,  1990; 
Ogram  et  al,  1985;  Breznak  et  al,  1984)  suggest  that  sorption  of  substrates  can  cause  botii  a 
stimulation  or  a  retardation  of  biodégradation. 

Sorption  can  negatively  affect  biodégradation  by  several  means.  Sorption  of  a  contaminant  to 
subsurface  materials  results  in  decreased  concentrations  of  that  contaminant  in  solution.  If  the 
substrate  utilized  by  bacteria  is  strongly  but  reversibly  sorbed  (primarily  hydrophobic),  the 
substrate  biodégradation  rate  will  be  limited  by  the  rate  of  desorption  and  thus  the  biodégradation 
rate  will  be  a  function  of  the  solid  surface  area  impacted  (Rittman  et  al,  1991).  Irreversible 
sorption  of  the  substrate  would  ultimately  result  in  inhibition  of  its  biodégradation.  Stieber  et 
al.  (1990)  found  that  clay  soils  had  a  high  capacity  of  adsorption  to  PAHs,  such  that  removal  and 
biodégradation  of  the  PAHs  from  the  soil  was  less  successful  than  expected. 

The  influence  of  sorption  on  biodégradation  may  be  positive  in  cases  where  substrate 
concentrations  are  toxic  to  microorganisms.  Sorption  of  the  substrate  may  decrease  aqueous 
concentrations  such  that  microbial  degradation  is  not  limited  by  toxicity.  As  the  substrate  is 
biodegraded  and  its  concentration  declines,  kinetics  will  determine  desorption  of  the  sorbed 
substrate,  thereby  making  the  substrate  available  at  a  rate  and  concentration  at  which  the 
microorganism(s)  can  survive  and  function  (Rittman  et  al.,  1991).  These  effects  have  been 
described  as  buffer  and  reservoir  actions. 

An  experiment  by  Ehrhardt  and  Rehm  (1985)  demonstrated  the  potential  positive  influence  of 
sorption.  They  found  that  cells  in  solution  could  not  grow  with  phenol  concentrations  greater 
than  1.5  g/L  however,  in  the  presence  of  activated  carbon,  cells  could  tolerate  phenol 
concentrations  up  to  15  g/L,  and  could  degrade  90%  of  the  adsorbed  phenol.   Experiments  by 
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Apajalahti  and  Salkinqja-Salonen  (1984)  found  that  the  addition  of  bark  chips  to  their  treatment 
system  promoted  PCP  degradation  by  reversibly  sorbing  PCP  and  removing  toxicity  of  high  PCP 
concentrations. 

The  potential  for  sorption  to  influence  bioremediation  must  be  identified  to  ensure  maximization 
of  the  overall  rate  and  efficiency  of  bioremediation.  Manipulation  of  the  sorptive  capacity  of  a 
system  (through  surfactants  and/or  addition  of  organic  matter)  may  be  beneficial  to  maintain 
optimum  aqueous  contaminant  concentrations.  Manipulation  of  sorption  during  on-site  surface 
applications  (e.g.,  reactors,  composting)  through  mixing  and  addition  of  surfactants  or  emulsifiers 
will  be  relatively  easy  while  manipulation  of  in  situ  environments  to  create  proper 
buffer/reservoir  conditions  will  become  increasingly  difficult  and  expensive  with  depth  and 
decreasing  permeability. 

The  potential  for  sorption  to  control  biodégradation  should  dictate  that  evaluation  of 
bioremediation  should  not  be  solely  based  on  aqueous  concentrations  of  the  contaminant(s).  A 
significant  amount  of  the  contaminant  may  be  bound  to  soil/solid  surfaces  and  must  be  accounted 
for,  particularly  with  respect  to  mass  balancing.  The  influence  of  sorption/desorption  on 
contaminant  concentration  should  be  assessed  to  ensure  that  microbial  activity  will  not  be  limited 
by  contaminant  availability  or  toxicity. 

Table  3.5  provides  log  K  values  for  some  common  organic  contaminants.  These  values  are 
based  upon  the  hydrophobicity  of  the  chemicals,  with  lower  values  indicating  lower  potential  for 
sorption. 

3.1.1.5  Chemical  Reactions 

Changes  in  water  chemistry  may  occur  as  a  result  of  inorganic  reactions  rather  than  biological 
reactions.  It  will  be  important  to  identify  and  quantify  these  reactions  as  they  may  influence 
successful  evaluation  and  moititoring  of  bioremediation.  Reactions  to  consider  with  respect  to 
the  contaminant  include  hydrolysis,  photooxidation,  and  reduction.  Precipitation  reactions  should 
also  be  considered  for  added  nutrients. 

Of  major  concern  will  be  the  reaction  of  nutrients,  such  as  nitrates  and  phosphates.  The 
geochemistry  of  subsurface  waters  may  cause  precipitation  of  such  nutrients  as  insoluble  salts, 
thereby  removing  the  nutrients  from  microbial  use.  The  success  of  a  bioremediation  strategy  may 

8007.1  FINAL  REPORT  3.7 


then  be  limited  by  the  ability  to  successfully  distribute  nutrients  to  the  subsurface 
microorganisms.  Feasibility  of  applying  biorcmediation  should  consider  if  the  site  geochemistry 
will  adversely  affect  the  delivery  of  the  nutrients,  and  if  so,  if  the  geochemistry  be  modified  to 
allow  proper  nutrient  distribution.  Conversely,  monitoring  programs  should  consider  the  possible 
influence  of  geochemical  changes  during  biorcmediation  which  may  adversely  affect  the  delivery 
of  nutrients  and  hence  biorcmediation. 

Abiotic  degradation  of  contaminants  should  also  be  evaluated  to  determine  if  biorcmediation  is 
required-  For  example,  abiotic  chemical  reactions  may  remove  contaminants  at  a  greater  rate 
than  biorcmediation.  Table  3.6  provides  a  comparison  of  general  chemical  and  biological 
degradation  rates  for  some  common  organic  contaminants. 

Validating  biorcmediation  should  identify  and  quantify  abiotic  degradation  reactions  to  assess  the 
amount  of  mass  loss  due  to  abiotic  versus  biotic  mechanisms. 

3 . 1 .2    B  iodegradability 

Familiarity  with  which  compounds  or  classes  of  compounds  arc  biodegradable,  the  metabolic 
pathways  and  the  conditions  under  which  compounds  are  biodegraded,  will  assist  in  evaluating 
the  feasibility  of  biorcmediation.  This  knowledge  should  also  assist  in  determirùng  which 
organic/inorganic,  physical  and  other  parameters  should  be  monitored.  If  this  knowledge  is 
lacking  or  incomplete,  treatability  studies  (section  4.0)  should  be  undertaken. 

The  extant  information,  while  of  significant  value,  should  not  be  used  as  a  substitute  for 
treatability  studies  but  should  be  used  in  designing  and  determining  the  effort  level  of  treatability 
smdies.  For  example,  toluene  has  been  well  documented  to  be  biodegraded  to  carbon  dioxide 
(CO2)  under  both  aerobic  and  denitrifying  conditions.  Thus,  a  laboratory  treatability  smdy  in 
which  the  production  of  CO2  from  toluene  was  measured,  and  mass  balance  was  observed,  may 
be  sufficient  to  be  confident  that  toluene  degradation  would  occur  at  the  site.  However,  there 
is  a  paucity  of  data  on  the  biodégradation  of  halogenated  compounds  such  as  Freon.  In  these 
cases,  radiolabelled  treatability  smdies  may  be  required  to  define  the  biochemical  pathways 
involved.  This  information  will  be  useful  in  determining  which  bioremediation  strategies  will 
be  appropriate  and  which  geochemical  manipulations  may  be  required  to  induce  the  appropriate 
biochemical  pathway(s).  Radiolabel  treatability  studies  will  also  allow  identification  of  the 
intermediates  and  end  products  that  will  be  produced  and  will  thus  assist  in  ensuring  that 
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biochemical  pathways  yielding  recalcitrant  and/or  toxic  metabolites  are  not  chosen  (see  section 
4.1^).  Identification  of  these  metabolites  will  also  help  in  designing  appropriate  monitoring 
programs. 

3.1.2.1  Biodégradation  of  Classes  of  Compounds 

Table  3.7  provides  a  brief  list  of  the  biodégradation  pathways  and  metabolites  common  to  several 
major  classes  of  chemicals.  For  a  more  complete  review,  the  reader  is  referred  to  Rittman  et  al. 
(1991). 

Identification  and  characterization  of  the  pathway(s)  by  which  contaminants  will  be  biodegraded 
will  allow  proper  identification  of  the  metabolic  intermediates  and  end  products  that  wUl  be 
produced  during  bioremediation.  This  will  be  key  to  both  evaluating  bioremediation  strategies 
and  designing  appropriate  monitoring  programs  for  bioremediation.  A  review  of  the  chemical 
attributes  and  literature  of  these  metabolites  will  ensure  the  proposed  biodégradation  pathway(s) 
do  not  yield  more  toxic  or  more  recalcitrant  compounds. 

Biodégradation  will  involve  transformations  in  the  structure  of  the  contaminant(s)  being 
metabolized.  Such  transformations  may  be  detectable  during  monitoring  of  bioremediation.  For 
example,  in  an  anaerobic  environment,  reductive  dechlorination  of  trichloroethene  will  result  in 
the  production  of  lower  chlorinated  aliphatics.  The  detection  of  dechlorinated  products  can  be 
used  as  indirect  evidence  of  biodégradation. 

Monitoring  programs  should  be  tailored  to  include  detection  of  the  expected  metabolic 
intermediates  and  end  products.  Detection  of  daughter  (intermediate)  products  will  serve  to 
confirm  if  predicted  microbial  pathways  are  being  used  and  if  expected  metabolites  are  being 
produced  in  the  field.  Some  metabolites  and  end  products  are  unstable  or  are  not  accumulated 
and  hence,  their  detection  may  be  difficult  For  example,  complete  biodégradation 
(mineralization)  will  produce  end  products  of  carbon  dioxide  and  water,  origins  of  which  will  be 
difficult  to  trace  without  proper  labelling  techniques  {i.e.,  ladiolabelling  techniques,  section  4.1.2). 

It  is  important  to  recognize  if  the  contaminant  supports  the  growth  of  the  microorganism(s)  or 
if  it  is  biodegraded  indirectiy  (see  section  3.1.2.2).  The  difference  is  important  in  evaluating  the 
laboratory  and  field  microbial  biomass  growth  data. 
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3-1.2.2  Metabolic  Processes  for  Biodégradation    f  Recalcitrant  Contaminants 

Contaminants  can  be  "recognized"  and  directly  metabolized  for  carbon,  energy  or  for  key 
nutrients  by  microorganisms.  However,  many  compounds  which  do  not  directly  support  the 
growth  of  microorganisms  are  still  biodegraded.  This  apparent  contradiction  lies  in  the  fact  that 
many  contaminants  are  structurally  similar  to  natural  compounds,  and  if  the  appropriate  enzymes 
are  active  they  can  completely  or  partially  react  with  the  contaminant  Metabolic  strategies 
presented  below  include  analog  degradation  and  cometabolism.  Both  of  these  processes  usually 
require  interactions  among  various  species  or  physiological  function  groups  of  the  microbial 
population  to  completely  detoxify  or  mineralize  the  pollutant  As  a  result,  the  ix)pulation  of  the 
microorganism(s)  which  are  key  in  the  biodégradation  may  not  actually  increase  in  size,  whereas 
the  general  microbial  population  size  may  increase  because  the  initial  transformation  of  the 
contaminant  may  yield  utilizable  substrate(s)  for  microbial  growth. 

Analog  Degradation:  Analog  degradation  is  an  indirect  method  by  which  contaminants  can  be 
metabolized  Certain  microorganisms  possess  enzymes  which  have  a  high  specificity  with  respect 
to  their  catalytic  function,  but  low  specificity  with  respect  to  substrate  binding.  The  functional 
groups  of  certain  molecules  (i.e.,  contaminants)  may  cause  induction  of  enzyme  systems,  leading 
to  production  of  enzymes  which  indirectiy  transform  certain  analog  molecules.  Analog 
degradation  is  a  method  whereby  microorganisms  can  be  induced  to  biotransform  a  compound 
which  is  otherwise  resistant  to  degradation. 

Several  examples  of  analog  degradation  exist,  however,  few  have  been  researched  with  regards 
to  the  degradation  of  contaminants  in  the  environment  A  number  of  microorganisms  (e.g., 
Azotobacter,  Rhizobium,  Nitrobacter)  can  use  inert  nitrogen  gas  as  a  nitrogen  source.  This  ability 
is  provided  by  the  nitrogenase  enzyme  which  sphts  the  triple  bond  between  the  nitrogen  atoms. 
When  active,  tiiis  enzyme  also  incidently  transforms  acetylene,  a  structural  analog  of  N^. 
Additional  examples  of  analog  degradation  include:  the  degradation  of  dibenzo(p)dioxins  by 
enzymes  produced  by  PAH-degrading  Phanerochaete  chrysosporium  (Hammel  et  al.,  1986);  the 
degradation  of  p-xylene  by  enzymes  produced  by  toluene-degrading  microorganisms  (Alvarez  and 
Vogel,  1991). 

In  cases  where  analog  biodégradation  will  be  used  for  bioremediation  of  contaminants,  the 
particular  analog  mechanism  {i.e.,  the  primary  substrate,  the  enzyme  involved  and  the  analog) 
should  be  identified  and  the  ability  of  the  analog  to  induce  enzyme  synthesis  and  activity  should 
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be  demonstrated  Metabolites  produced  from  both  the  primary  substrate  and  the  analog  must  also 
be  identified  and  the  toxicity  of  the  metabolites  and  the  initial  substrates  must  be  addressed  using 
standard  bioassay  techniques.  Analog  degradation  as  a  biodegradative  tool  may  be  limited 
because  the  structurally  similar  compound  that  must  be  present  to  induce  enzyme  synthesis  is 
likely  a  hazardous  pollutant  itself  (Rittman  et  ai,  1991). 

Successful  analog  degradation  will  result  in  a  reduction  of  the  targeted  contaminant  coupled  with 
the  production  of  identifiable  metabolites.  Monitoring  programs  should  be  designed  to  include 
analysis  for  these  metabolites.  Detection  of  these  metabolites,  coupled  with  reduction  of  the 
target  contaminant  will  provide  evidence  of  bioremediation.  Successful  analog  degradation 
should  also  result  in  the  production  of  increased  levels  of  the  induced  enzyme.  Assays  for  this 
enzyme  would  provide  indirect  support  to  validate  bioremediation. 

Cometabolism:  Cometabolism  is  another  method  of  indirect  substrate  metabolism.  In  the  case 
of  cometabolism  microorganisms  actively  metabolize  a  dissolved  organic  for  energy  and  carbon 
while  biotransforming  another  dissolved  organic  which  fits  an  active  enzymatic  site.  This 
transformation  provides  no  gain  of  energy,  carbon  or  any  other  nutrient  for  the  microorganism 
responsible,  however,  products  released  may  be  susceptible  to  further  microbial  attack  and  may 
be  used  as  energy  and  carbon  sources  by  other  microorganisms. 

An  example  of  cometabolism  as  an  important  strategy  for  bioremediation  is  the  oxidation  of 
chlorinated  aliphatics  by  methanotrophic  baaeria  (Henson  ei  al.,  1988;  Wilson  and  White,  1986; 
Wackett  and  Gibson,  1988;  Wacken  et  al.,  1989;  Oldenhuis  et  ai,  1989;  Semprini  et  al.,  1988). 
Wilson  and  Wilson  (1985)  documented  the  cometabolism  of  TCE  to  CO2  by  methanotrophs 
utilizing  natural  gas  as  a  primary  carbon  and  energy  source.  A  number  of  pesticides  have  also 
been  shown  to  be  cometabolized.  For  example,  Horvath  (1971a,b)  demonstrated  the 
cometabolism  of  2,3,6-trichlorobenzoate  and  2,4,5-trichlorophenoxyacetic  acid  by  both 
Brevibacterium  spp.  and  Achromobacter  spp.  Pfaender  and  Alexander  (1973)  have  demonstrated 
the  cometabolism  of  DDT  by  microorganisms  in  raw  sewage. 

Co-metabolism  can  be  a  very  useful  method  of  transforming  contaminants  without  interference 
of  threshold  limitations  (see  S^^,  section  3.1.2.3)  however,  co-metabolism  may  result  in  the 
conversion  of  certain  compounds  into  more  toxic  intermediates  {i.e.,  TCE  to  vinyl  chloride).  Co- 
metabolism as  a  biodegradative  tool  is  also  limited  because  the  structurally  similar  compound  that 
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must  be  present  to  induce  enzyme  activity  tends  to  be  a  hazardous  pollutant  itself  (Rittman  et  al., 
1991). 

In  cases  where  cometabolism  will  be  used  for  bioremediation  of  contaminants,  the  particular 
cometabolism  mechanism  (i.e.,  both  the  primary  substrate,  the  enzyme  involved  and  the 
cometabolite)  should  be  identified  and  demonstrated  by  appropriate  treatability  smdies. 
Identification  of  the  possible  metabolites  produced  by  both  the  primary  substrate  and  the 
cometabolite  will  be  required  as  will  information  on  the  toxicity  of  the  metabolites  and  the  initial 
substrates. 

Successful  cometabolism  will  result  in  a  reduction  of  the  primary  substrate  and  the  targeted 
contaminant  and  in  the  production  of  identifiable  metabolites.  Monitoring  programs  should  be 
designed  to  include  analysis  for  these  metabolites.  Detection  of  these  metabolites,  coupled  with 
reduction  of  the  cometabolite  and  the  primary  substrate  will  provide  evidence  of  bioremediation. 

3.1.2.3  Concepts  of  S^j  ,  Non-steadv  State  Growth  and  Secondary 

Substrate  Utilization 

Although  many  microorganisms  can  use  organic  compounds  as  the  sole  source  of  energy  and 
carbon,  threshold  concentrations  (referred  to  as  S^^^^)  exist  below  which  growth,  activity  and 
maintenance  of  cell  requirements  is  not  possible  (Alexander,  1985).  S^^  is  defined  as  the 
minimum  concentration  of  a  substrate  {i.e.,  contaminant)  which  can  support  steady-state  growth, 
given  that  all  required  nutrients  are  in  excess  except  the  limiting  substrate,  termed  S. 

Monod  kinetics  for  bacterial  growth  in  biofilms  and  suspended  growth  cultures  can  be  used  to 
predict  and/or  calculate  the  S^^^  of  a  substrate.  The  fundamental  equations  for  determination 
of  Sjjj^  will  not  be  provided  herein  as  they  are  extensively  reviewed  by  Rittman  et  ai.  (1980), 
Rittman  and  Brunner  (1984),  Rittman  et  al.  (1986),  and  Rittman  and  McCarty  (1981a,b).  For  a 
brief  but  concise  review  of  the  theoretical  calculation  of  S^^^,  the  reader  is  referred  to  Rittman 
et  al.  (1991). 

The  S^-^  of  a  substrate  can  also  be  determined  experimentally  during  treatability  studies  using 
continuous  culture  techniques  {e.g.,  chemostats)  or  microcosms.  The  chemostat  is  a  self- 
regulating  system  that  reaches  a  steady-state  condition.  Changes  in  the  input  concentration  of 
the  growth  limiting  substrate  produces  changes  in  the  concentrations  of  microorganisms 
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detectable  in  the  washout  rate.  When  the  concentration  is  below  the  S^^^  of  the  substrate,  the 


microorganisms  will  not  be  able  to  maintain  steady-state  growth  and  net  washout  will  be 
observed.  The  S^-^  can  also  be  determined  in  static  microcosms  by  determining  the 
concentration  of  substrate  that  cannot  be  assimilated  by  microorganisms. 


S^_  will  be  an  important  consideration  in  the  evaluation  of  bioremediation.  For  example,  if  the 
^min  °^  ^  contaminant  exceeds  the  regulatory  limit  (i.e.,  S^^^  =  10  ug/L;  regulatory  limit  =  1.0 
ug/L),  then  bioremediation  may  not  degrade  the  contaminant  to  concentrations  below  the 
regulatory  limit  In  this  case,  bioremediation  would  not  be  an  effective  remediation  option  unless 
a  cost  effective  polishing  step  (i.e.,  carbon  adsorption)  could  be  coupled  to  the  biotreatment  to 
achieve  cleanup  goals.  Sites  with  initial  contaminant  concentrations  lower  than  the  S^^  of  the 
contaminant  may  also  not  be  candidates  for  bioremediation  as  steady-state  growth  would  not  be 
achieved  and  catabolism  would  not  occur. 

Problems  associated  with  threshold  concentrations  (Sj^jj^)  can  be  circimavented  by  either  non- 
steady  state  substrate  utilization  or  secondary  substrate  utilization.  Non-steady  state  substrate 
utilization  requires  that  biomass  undergoes  net  decay  while  still  utilizing  the  concentrations  of 
the  substrate  below  its  S^^.  Thus,  non-steady  state  substrate  utilization  may  be  an  effective 
means  of  reducing  contaminant  concentration  below  regulatory  limits  in  cases  where  significant 
biomass  exists  or  can  be  introduced.  Non-steady-state  substrate  utilization  will  not  be  an 
effective  method  of  initiating  contaminant  removal  in  cases  where  initial  biomass  is  low. 

It  is  also  conceivable  that  contaminants  present  at  threshold-level  concentrations  can  be  utilized 
as  a  secondary  substrates.  In  this  process,  microorganisms  derive  most,  but  not  all,  of  their 
carbon  and  energy  from  other  primary  compounds,  and  supplement  their  energy  and  carbon 
shortfall  by  utilizing  the  contaminant  Thus  the  contaminant  serves  as  a  source  of  energy  and 
carbon,  but  is  not  the  primary  source  of  energy  or  carbon.  The  primary  substrate,  the  electron 
donor  contributing  electrons  and  energy  to  the  long-term  growth  and  maintenance,  can  be  a  single 
compound  or  can  be  a  combination  of  compounds  or  secondary  substrates  (Rittman  et  al.,  1991). 

LaPat-Polasko  et  al.  (1984)  have  demonstrated  secondary  substrate  utilization  of  methylene 
chloride  by  a  Pseudomonas  spp.  strain  LP.  In  both  batch  and  continuously  fed  reactors,  the  strain 
was  able  to  metabolize  the  primary  substrate  acetate  at  milligram  per  litre  concentrations  while 
metabolizing  the  secondary  substrate  methylene  chloride  at  microgram  per  litre  concentrations. 
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Threshold  concentration  values  (S_j_)  and  minimu-  Jlowable  toxicity  limits  (regulatory  limits) 
of  contaminants  must  be  compared  a  priori  to  ensure  that  a  bioremediation  strategy  will  be 
capable  of  reducing  contaminants  below  allowable  limits.  If  a  contaminant  will  not  be 
biodegraded  below  its  allowable  limit  by  the  proposed  application,  use  of  non-steady  state  or 
secondary  substrate  techniques  may  be  required.  The  use  and  success  of  these  methods  will 
require  evaluation  and  demonstration  to  ensure  that  proper  cleanup  levels  will  be  met 

It  should  be  noted  however,  that  it  may  be  difficult  or  impossible  to  obtain  representative  S_j^ 
values  for  organic  chemicals  in  the  environment  because  of  the  presence  and  activities  of 
oligotrophic  microorganisms.  These  microorganisms  are  highly  energy  efficient  and  can  scavenge 
extremely  low  concentrations  of  organics,  even  under  poor  nutrient  conditions.  The  concept  of 
^min  ^^  ^  ™°^^  applicable  to  evaluating  the  theoretical  limits  of  organic  chemical  treatment 
in  bioreactors  containing  well-defined  microbial  consortia. 

3.1.2.4  Kinetics  and  Biodégradation  Rates 

Knowledge  of  the  biodégradation  rates  and  kinetics  assists  in  both  evaluating  cleanup  times 
(reactor  retention  times)  and  in  monitoring  bioremediation  processes.  Moititoring  programs 
should  be  designed  to  include  observation  and  evaluation  of  the  expected  biological  kinetics 
(contaminant  mass  loss  and  microbial  growth)  and  biodégradation  rates  based  upon  initial 
conditions. 

Biodégradation  of  most  organic  compounds  in  the  subsurface  may  be  described  by  monitoring 
their  disappearance  (rate  of  degradation)  expressed  as  a  function  of  concentration.  The  reliability 
of  the  rate  determination  will  be  dependant  on  the  accuracy  with  which  abiotic  mass  losses  arc 
delineated.  Section  3.1.3.2  discusses  problems  with  interpreting  biodégradation  in  terms  of  what 
mass  loss  can  be  attributed  to  known  biotic,  known  abiotic  and  uncertain  factors. 

The  growth  of  microorganisms  can  be  similarly  described,  with  the  change  in  biomass  expressed 
as  a  function  of  substrate  concentration.  Here  again,  the  reliability  of  the  estimate  is  dependant 
on  accurate  characterization  of  other  available  carbon  sources  such  as  natural  labile  organic 
compounds  (section  32.2.6). 

It  may  be  possible  to  predict  biodégradation  rates  and  kinetics  a  priori,  given  the  initial  biomass 
size  (section  3.3.1)  microbial  community  composition  (section  3.3.2)  and  substrate  concentration. 
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Figure  3.1a  categorizes  kinetic  models  as  a  function  of  substrate  concentration  and  bacterial  cell 
density.  Each  model  is  defined  by  its  order  of  reaction  which  is  defined  as  the  value  of  the 
exponential  used  to  describe  the  reaction.  Zero  and  first  order  power  rate  models  are  often  used 
in  studies  as  approximations  of  the  degradation  of  chemicals  in  soils  (Sims,  1990). 

Figiire  3.1b  shows  the  typical  organic  substrate  disappearance  curves  associated  with  the 
biological  kinetic  models  in  Figure  3.1a.  Together,  these  figures  show  how  varying  both  the  size 
of  a  microbial  population  capable  of  metabolizing  a  substrate,  and  the  concentration  of  the 
substrate  affect  the  observed  growth  and  substrate  mass  loss  kinetics.  Factors  that  influence 
biodégradation  rates  and  kinetics  include  sorption  (section  3.1. 1.4),  solubility  (section  3.1.1.2)  and 
temperature  (section  3.2.1.3). 

Laboratory  experiments  on  biodégradation  kinetics  and  rates  often  employ  high  concentrations 
(1-100  |ig/ml  or  g)  of  target  chemicals.  Microbial  kinetics  and  transformation  rates  determined 
by  such  experiments  cannot  always  be  extrapolated  to  natiu^al  environments  where  the  same 
organic  compounds  are  encountered  at  significantiy  lower  concentrations  (pg-ng  per  ml  or  g) 
(Alexander,  1985).  Many  errors  have  stemmed  fi-om  the  assumption  that  microorganisms  that 
can  metabolize  and  grow  on  a  substrate  at  high  concentrations  can  do  so  at  low  concentrations 
and  vice-versa.  Treatability  smdies  (i.e.,  microcosm  trials,  section  4.0)  should  be  used  in 
determining  biodégradation  kinetics  and  rates.  Key  to  use  of  the  microcosms  is  that  the  test 
conditions  reflect  the  variety  of  contaminant  concentrations,  envirorunental  or  biotreatment 
conditions  that  are  expected  to  be  encountered  in  the  field. 

Because  the  rate  and  kinetics  of  biodégradation  are  affected  by  factors  such  as  sorption  and  mass 
transfer  of  the  contaminants  and  nutrients,  the  decision  to  proceed  with  bioremediation  should 
not  be  solely  based  on  how  fast  the  contaminants  can  be  theoretically  degraded.  For  example, 
Berry-Spark  et  al.  (1988)  have  shown  that  if  all  factors  limiting  biodégradation  of  benzene, 
toluene  and  xylenes  are  controlled,  then  biodégradation  of  BTX  in  an  aquifer  can  be  considered 
as  relatively  instantaneous  with  respect  to  groundwater  flow.  Their  smdy  modelled  both  the 
effect  of  different  biodégradation  kinetic  and  degradation  rates,  and  biomass  size  on  the 
biodégradation  of  BTX  and  generally  found  that  biodégradation  was  limited  by  the  mass  transfer 
of  oxygen  into  the  BTX  plume. 
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3.1.2.5  Toxicity 

Microorganisms  generally  increase  their  growth  rate  in  response  to  increasing  concentrations  of 
non-inhibitory  wastes  until  a  maximum  growth  rate  is  achieved  (Figure  32).  Biodégradation  of 
inhibitory  compounds,  however,  may  occur  at  low  concentrations  but  as  the  substrate 
concentration  increases,  the  microbial  growth  rate,  and  corresponding  biodégradation,  rate  often 
do  not  increase  (Figure  3.2). 

Inhibition  of  microbial  growth  and  substrate  utilization  by  contaminants  can  result  from  several 
mechanisms  depending  on  the  contaminant  and  on  the  physiology  of  the  microorganism.  Firstiy, 
inhibition  can  result  from  interference  with  specific  metabolic  processes  or  enzymes  in  key 
metabolic  pathways.  Toxicants  such  as  cyanide  and  azide  bind  to  heme  iron  in  cytochromes  and 
prevent  electron  transfer  reactions,  thereby  limiting  a  large  portion  of  the  energy-generating 
capability  of  microbial  cells  (Rittman  et  ai,  1991).  Other  contaminants,  notably  hydrocarbon 
chains,  aromatics  and  halogenated  contaminants,  bind  to  cell  surfaces  and  cause  membranes  to 
become  leaky.  Leaky  cells  lose  their  ability  to  maintain  concentration  gradients  across  their 
membranes,  a  property  key  to  the  generation  of  cellular  energy. 

In  general,  toxicity  correlates  with  the  solubility  (and  availability)  of  contaminants.  The  toxicity 
(and  solubility)  of  aliphatics  increases  as  chain  length  decreases.  Likewise,  toxicity  of  aromatics 
increases  as  the  aqueous  solubihty  increases  (Rittman  et  al.,  1991).  This  trend  seems  to  reflect 
the  fact  that  compounds  that  are  more  soluble  can  achieve  higher  aqueous  concentrations  and  can 
cause  more  damage  to  microbial  cells.  High  concennations  of  contaminants  may  require  control 
during  bioremediation  by  dilution,  pumping  or  by  increasing  contaminant  sorption  through 
addition  of  materials  such  as  woodchips.  Alternatively,  certain  zones  harbouring  high 
contaminant  concentrations  may  require  treatment  using  an  altemative  technology. 

In  some  cases,  toxicity  is  due  to  products  of  microbial  metabolism.  Bartels  et  ai.  (1984)  showed 
that  toxicity  during  meta-cleavage  of  3-halocatechols  was  a  resuh  of  irreversible  inhibition  of  the 
dioxygenase  enzyme  by  the  toxic  metabolite  acyl  halide.  Stieber  et  al.  (1990)  found  that 
biodégradation  of  PAHs  was  inhibited  by  the  toxicity  of  unidentifiable  intermediate  products, 
further  stressing  the  need  for  the  identification  of  metabolites  and  evaluation  of  their 
environmental  acceptability. 
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Perhaps  the  quickest,  simplest  and  most  cost  effective  method  of  screening  contaminants  and 
expected  metabolites  for  toxicity  is  the  use  of  bacterial  toxicity  assays.  These  assays  quantify 
the  toxic  effect  of  a  chemical  on  a  test  species  under  specified  test  conditions  (McFarland  et  al., 
1991).  Microbial  toxicity  bioassays  may  measure  the  effects  of  a  chemical  on  overall  microbial 
activity  {e.g.,  respiration,  dehydrogenase  activity),  or  on  the  activity  of  certain  subgroups  of  the 
microbial  community  (e.g.,  nitrification,  denitrification,  cellulose  decomposition,  methanogenesis). 
Bioassays  which  have  been  used  to  evaluate  the  toxicity  of  wastes  in  the  environment  include 
the  Ames  Salmonella  typhimurium/rmraimiian  microsome  assay,  the  Microtox  assay,  S.O.S. 
Chromotest      ,  Toxi-Chromotest       and  whole  organism  tests  (e.g.,  earthworm,  fish,  daphnia). 

Of  particular  value  with  respect  to  environmental  applications  are  the  Microtox  assay,  S.O.S. 
Chromotest  ,  and  Toxi-Chromotest  systems.  These  assays  are  generally  more  rapid,  less 
expensive  and  less  reliant  on  technical  expertise  than  the  Ames  test  The  Microtox  assay  is 
an  aqueous  toxicity  assay  which  measures  the  light  output  produced  by  a  suspension  of  marine 
luminescent  bacteria  in  response  to  an  environmental  sample  (McFarland  et  al.,  1991). 
Bioluminescence  of  the  test  microorganism  depends  on  a  complex  chain  of  biochemical  reactions, 
which  when  inhibited  (by  a  pollutant)  results  in  a  measurable  reduction  in  bacterial  luminescence. 

T*  K  A  T'A  A 

The  S.O.S.  Chromotest  ,  and  Toxi-Chromotest  systems  arc  based  on  similar  principles  but 
possess  the  added  simplicity  of  direct  visual  detection  and  comparative  evaluation  of  genotoxicity. 
Multiple  samples  (72  samples)  can  be  simultaneously  processed  and  examined  using  these 
systems  and  results  can  be  obtained  in  field  environments  to  quickly  and  inexpensively  screen 
for  toxicity.  A  number  of  methods  have  been  developed,  using  these  assays,  to  determine  waste 
application  loading  for  soil-based  treatment  systems,  and  land  treatability  of  hazardous  organic 
wastes  (Matthews  and  Hastings,  1987;  Symons  and  Sims,  1988). 

Adaptation  of  microorganisms  to  a  contaminated  environment  should  result  in  a  detectable 
decrease  of  toxicity  over  the  course  of  bioremediation.  Monitoring  activities  should  thus  be 
designed  to  detect  these  decreases  in  toxicity,  possibly  through  routine  rapid  screening  of  samples 
with  bacterial  toxicity  assays. 

Metal  ions,  notably  heavy  metals,  are  often  present  in  contaminated  soils  and  pose  several 
lexicological  concerns.  Firstiy,  low  concentrations  of  several  metals  are  essential  for  microbial 
growth.  Elevated  concentrations  of  these  metals  may,  however,  inhibit  microbial  growth.  Non- 
essential metals  (e.g.,  silver,  cadmium)  are  of  concern  as  their  concentration  may  inhibit 
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microbial  growth  and/or  may  limit  the  uptake  of  essential  metals  through  competition  for  enzyme 
sites. 

It  is  difficult  to  provide  a  list  of  general  ranges  of  metal  concentrations  which  are  toxic  to 
microorganisms  as  microbial  tolerances  to  each  metal  vary  widely.  Instead,  Table  3.8  lists 
specific  concentrations  of  metals  that  can  be  tolerated  by  specific  associated  microorganisms. 
Above  these  concentrations,  metals  may  rapidly  accumulate  in  cells,  bind  to  proteins,  DNA  and 
RNA  and  cause  intracellular  ion  leakage  (i.e.,  p>otassium)  and  cell  death. 

Certain  metals  such  as  chromium  are  mutagenic  to  bacterial  strains  and  cause  cell  disfunction  and 
death  (Trevors,  1991a).  Several  metals  such  as  selenium  and  arsenic  can  be  volatilized  from  soils 
while  mercury,  lead  and  tin  can  be  chemically  and/or  biologically  methylated.  The  volatile  or 
methylated  forms  are  often  highly  toxic  and  thus  these  activities  may  result  in  increases  of 
toxicity.  Mercuric  chloride  can  be  transformed  to  elemental  mercury  (Hg°)  by  the  mercuric 
reductase  enzyme  found  in  selected  bacterial  strains.  The  elemental  mercury  produced  is 
however  highly  volatile  and  extremely  toxic. 

Characterization  of  the  site  geochemistry  (32.1)  should  include  an  initial  scan  (i.e.,  ICP 
spectroscopy)  of  the  concentrations  of  metals,  both  essential  and  inhibitory,  in  the  contaminated 
matrix  to  identify  concentrations  of  metals  which  may  inhibit  successful  microbial  activity  and 
hence  bioremediation.  The  potential  for  several  of  the  aforementioned  metals  to  be  converted 
to  more  toxic  forms  should  be  assessed  and  the  potential  influence  on  microbial  activity 
evaluated. 

Bioremediation  of  contaminated  environments  containing  metal  concentrations  which  are  toxic 
or  inhibitory  to  microorganisms  may  require  treatment  by  metal  removal  or  immobilization. 
Metals  in  contaminated  soils  may  be  removed  by  solvent  extraction  or  geochemical  treatment 
(i.e  ,  metal  precipitation  by  oxidation).  Metals  in  water  may  be  removed  by  appropriate 
chelating/sorbing  treatments  (i.e.,  columns  or  immobilized  cells  which  accumulate  and  remove 
the  metals),  or  by  use  of  membrane  filtration  or  reverse  osmosis  procedures. 

3.1.3     Contaminant  Distribution  and  Mass 

The  distribution  of  contamination  will  be  important  for 
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•  identifying  source  areas  (and  areas  of  high  concentration)  which 
may  inliibit  microbial  activity  and  which  may  require  remediation 
using  an  alternate  technology; 

•  selecting  the  bioremediation  application;  and 

•  estimating  the  total  contaminant  mass  which  influences  the 
duration  and  cost  of  cleanup. 

3.1.3.1  Source  Characterization 

Locating  contaminant  sources  and  environmental  'hot  spots'  will  be  largely  dependent  on  the 
physical  nature  of  the  contaminant(s).  Dissolved  contaminants  will  migrate  with  groundwater 
and  may  become  sorbed  to  solid  matrices.  Dissolved  phase  sources,  will  be  relatively  easier  to 
delineate  and  treat  using  current  treatment  technologies.  Residuals  will  be  more  difficult  to 
locate  and  treat  and  if  not  detected  during  field  investigations,  residuals  may  re-contaminate  both 
saturated  and/or  unsaturated  zones. 

Sources  and  'hot  spots'  in  the  form  of  non-aqueous  phase  liquids  (NAPL)  are  difficult  to  detect 
and  remove  from  the  subsurface.  NAPLs  are  problematic  because  they  are  essentially  immiscible 
with  water  and  migrate  through  the  subsurface  as  a  separate  phase  (Rittman  et  ai,  1991).  As 
these  contaminants  migrate  through  the  subsurface,  they  can  become  trapped  as  residual  lenses 
in  the  unsaturated  and  saturated  zone  and  as  pools  at  or  below  the  watertable  (Rittman  et  al., 
1991).  Trapped  NAPLs  serve  as  a  long  terai  source  of  contamination,  slowly  dissolving  into  the 
aqueous  phase. 

The  behaviour  of  NAPLs  is  categorized  based  on  their  density.  LNAPLs  (i.e.,  petroleum 
products)  are  less  dense  than  water  and  as  such  rest  on  top  of  the  watertable.  LNAPLs  can  be 
effectively  removed  by  skimmer  and  extraction  technologies.  DNAPLs  (i.e.,  aliphatic  chlorinated 
hydrocarbons)  are  more  dense  than  water  and  so  sink  to  the  bottom  of  the  aquifers,  often  resting 
on  aquitards  or  becoming  trapped  in  fractures.  Locating  and  removing  DNAPLs  is  often 
unfeasible  and  in  some  cases,  impossible.  Table  3.5  provides  the  densities  of  a  number  of 
organic  contaminants.  Clontaminants  with  densities  greater  than  1.0  and  low  solubilities  may 
exist  in  the  subsurface  as  non-aqueous,  free-product  phase. 
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•lesiduals  and  free-phase  contaminants  may  present  toxicity  problems  owing  to  their  elevated 
concentrations.  This  will  result  in  zones  of  microbial  inactivity,  which  may  require  treatment 
with  an  alternative  technology. 

Detection  and  characterization  of  sources,  residuals  and  'hot  spots'  will  be  key  in  deteimining 
the  feasibility  of  all  bioremediation  applications  (on-site  and  in  situ).  If  the  sources  cannot  be 
reliably  located  and  delineated  (including  NAPLs  and  residuals),  success  of  any  on-site  or  in  situ 
bioremediation  effon  cannot  be  ensured  Source  toxicity  (section  3.1.2.5)  must  also  be  identified 
and  its  effect  on  in  situ  and  on-site  applications  determined.  For  in  situ  applications,  alternative 
treatment  methods  may  be  required  for  source  removal.  For  on-site  applications,  it  may  be 
possible  to  dilute  elevated  source  concentrations  to  reduce  toxicity. 

Comprehensive  source  characterization  will  determine  the  physical  states  associated  with  each 
contaminant  requiring  bioremediation.  Not  all  contaminants  will  require  monitoring  in  each 
phase  and  as  such,  a  chemical/phase  specific  monitoring  strategy  can  be  designed  for  evaluation 
of  treatment  effectiveness  (Sims,  1990). 

If  remediation  objectives  require  very  complete  destruction  of  small  niasses  of  contaminants 
within  isolated  pockets  of  a  site,  the  probability  of  bioremediation  success  will  be  very  dependant 
on  the  heterogeneity  of  the  formation(s)  and  other  hydrogeological  conditions  (section  3.2). 

3.1.3.2  Estimating  Contaminant  Mass 

Proof  of  bioremediation  can  be  obtained  directiy  through  use  of  mass  balances  provided  that 
abiotic  and  biotic  mass  transfers  can  be  distinguished  (Madsen,  1991).  It  would  thus  seem 
reasonable  that  all  monitoring  programs  include  mass  balancing  to  validate  bioremediation. 
However,  many  factors  influence  the  accurate  determination  of  contaminant  mass  and  its  loss. 
Figure  3.3  shows  the  difficulty  in  estimating  the  abiotic  and  biotic  mass  losses  during 
biodégradation  in  laboratory  trials  and  in  controlled-release  field  plots.  While  abiotic  mass  loss 
can  be  controlled  and  quantified  in  the  laboratory,  the  level  of  mass  loss  due  to  uncertain 
processes  in  controlled  field  experiments  is  significant 

Generally,  contaminant  mass  that  exists  only  as  a  dissolved  or  vapour  phase  can  be  more 
accurately  estimated  (within  half  an  order  of  magnitude).  Contaminants  present  in  soils  and 
groundwaters  as  free-phase  or  residual  liquids  will  increase  the  uncertainty  of  estimating  the  mass 
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(1-2  orders  of  magnitude).  The  degree  of  monitoring  will  also  influence  the  accuracy  of  the 
estimate. 

Initial  mass  estimates  will  be  required  and  may  be  obtained  from  existing  records  or  company 
logs.  In  some  cases,  it  may  be  possible  to  calculate  the  mass  of  contaminant  released  by 
delineating  the  concentration  distribution  of  the  contaminant(s)  within  the  impacted  area.  A  spill 
scenario  is  the  only  case  where  the  mass  of  the  contaminants  can  be  accurately  known. 
Unfortunately,  accidental  release  scenarios  often  preclude  use  of  mass  balances  for  confmnation 
since  control  treatments  distinguishing  biotic  and  abiotic  losses  will  not  exist.  As  such  the  use 
of  indirect  evidence  for  validating  bioremediation  will  be  more  common. 

3.2       Physicochemlcal  Characterization 

3.2.1    Geochemistry 

The  presence  and  success  of  microorganisms  and  thus  the  success  of  bioremediation  depends  on 
nutrient  requirements,  microbial  tolerances  and  on  critical  physical/chemical  factors  which  affect 
activity  and  growth.  The  interactive  nature  of  these  environmental  factors  complicates  the  task 
of  precisely  defming  the  controlling  or  limiting  factors  in  natural  ecosystems  (Atlas  and  Bartha, 
1987).  Nevertheless,  a  single  condition  can  often  be  identified  that,  by  exceeding  the  tolerance 
limit,  results  in  exclusion  of  microorganisms  from  a  given  environment  (Adas  and  Bartha,  1987). 
Physicochemlcal  parameter  determinations  tend  to  provide  average  conditions  prevailing  in  large 
samples  and  fail  to  consider  the  existence  of  microhabitats  which  can  support  diametrically 
opposed  biological  processes.  For  example,  strict  anaerobic  bacteria  (which  cannot  survive  in 
the  presence  of  oxygen)  will  be  present  in  highly  aerobic  soils.  Their  survival  is  dependent  on 
the  presence  of  anaerobic  microhabitats. 

3.2.1.1  eH 

It  is  known  that  the  pH  of  an  environment  affects  microorganisms  and  microbial  enzymes  directiy 
and  influences  the  dissociation  of  many  molecules  that  influence  microorganisms.  Most 
microorganisms  prefer  near  neutral  or  slightiy  alkaline  pH  and  generally  cannot  tolerate  pH 
extremes  (Stolp,  1988).  The  stability  of  internal  pH  is  essential  for  enzyme  function  and  for 
generation  of  energy  via  concentration  gradients  across  membranes.  The  general  pH  tolerance 
range  for  microbial  activity  is  5.5  to  8.5  (Table  3.9). 
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The  solubility  of  CO2  and  other  dissolved  gases  and  the  availability  of  nutrients  such  as 
ammonium  and  phosphate  (which  limit  growth  rates  in  many  ecosystems)  are  governed  by  pH. 
At  high  pH,  divalent  cations  such  as  Mg^"*"  and  Ca  precipitate  as  carbonate  limiting  their 
availability.  Also  under  alkaline  conditions,  free  ammonia  accumulates  from  conversion  of  NH^"*" 
and  adversely  influences  microbial  growth  (Stolp,  1988). 

The  mobility  and  speciation  of  toxic  heavy  metals  and  organic  molecules  are  also  governed  by 
pH  (Atlas  and  Bartha,  1987).  Acidity  results  in  an  increase  in  the  solubility  of  metal  ions 
resulting  in  increased  inhibition  of  metaboUc  systems  as  metal  ions  bind  to  and  inactivate  key 
enzymes. 

Effective  delivery  of  nutrients  and  electron  acceptors  will  rely  on  a  uniform  distribution  of  pH 
which  does  not  adversely  affect  nutrient  speciation  and  mobility.  Since  organic  acids  are  typical 
intermediates  of  mineralization  processes,  pH  should  be  monitored  throughout  bioremediation. 
In  some  cases,  it  may  be  necessary  to  control  pH  via  chemical  additions,  especially  if  buffering 
capacities  of  the  material  being  treated  are  low  (Rozich  and  Strides,  unpubl). 

pH  can  also  affect  the  binding  of  microorganisms  to  solid  surfaces.  Surfaces  of  bacterial  cells 
have  pH-dependent  charges  while  soils  carry  electrostatic  (pH-independent)  charges  which  are 
predominantiy  negative.  As  a  result,  bacterial  cells  and  soil  generally  repel  each  other  and  reduce 
attachment  of  the  cell  to  the  soil  surface.  Changing  the  pH  may  reduce  or  increase  repulsion  and 
may  determine  if  allochthonous  microorganisms  will  be  transported  and  distributed  from  the  point 
of  inoculation,  or  if  they  will  simply  aggregate  at  the  inoculation  point. 

3.2.1.2  Eh/redox 

Many  enzymatic  reactions  are  oxidation-reduction  reactions  in  which  one  compound  is  oxidized 
and  another  compound  is  reduced.  The  ability  of  an  organism  to  carry  out  oxidation-reduction 
reactions  depends  on  die  redox  state  of  the  environment  In  groundwater  systems  or  solutions, 
the  proportion  of  oxidized  to  reduced  components  constitutes  the  redox  potential  (Eh)  (Atias  and 
Bartha,  1987). 

The  redox  potential  is  greatiy  influenced  by  the  presence  or  absence  of  molecular  oxygen. 
Certain  reactions,  such  as  sulphate  reduction  or  methanogenesis  only  occur  under  negative  Eh 
values  (Table  3.9).     Kobayashi  and  Rittman  (1982)  determined  that  significant  reductive 
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dechlorination,  a  process  key  to  bioremediation  of  chlorinated  solvents,  only  occurred  in 
environments  where  the  redox  pnatenrial  was  below  0.35V.  The  dominant  microorganisms 
(obligate  aerobes,  obligate  anaerobes  or  facultative  microorganisms)  and  thus  the  dominant 
biodegradative  pathways  will  be  influenced  by  the  redox  envirormienL  Essential  nutrient 
elements  such  as  iron  and  manganese  are  also  influenced  by  the  redox  environment  as  they  are 
soluble  at  low  redox  potentials  but  precipitate  in  oxidizing  environments  (Atlas  and  Bartha, 
1987). 

It  is  difficult  to  measure  Eh  in  natural  habitats  and  Eh  heterogeneity  is  great.  As  such,  obtaining 
representative  samples  for  treatabihty  studies  is  difficult.  Care  must  be  taken  in  sampling 
procedures  to  retain  redox  conditions  so  that  treatabilit>'  studies  will  provide  representative 
evidence  of  reactions  that  will  occur  in  the  sampled  environment.  Table  3.9  provides  the  redox 
potentials  at  which  several  microorganisms  function  and  at  which  certain  microbial  processes 
operate.  Generally,  activity  of  aerobes  and  facultative  aerobes  requires  Eh  values  exceeding  50 
mV  while  anaerobic  activity  requires  that  the  Eh  is  below  50  mV. 

The  redox  state  of  an  environment  will  dictate  which  metabolic  pathways  will  predominate  in  the 
biodégradation  of  contaminants.  This  may  allow  a  priori  identification  and  evaluation  of  the 
metabolites,  toxicities  and  biodégradation  rates  which  are  likely  to  be  involved.  Treatabihty 
smdies  (i.e.,  microcosms,  section  4.0)  must  ensure  that  the  redox  state  is  carefully  retained  and 
maintained  so  that  treatabihty  study  results  provide  an  accurate  assessment  of  microbial 
capabilities.  Many  bioremediation  strategies  intentionally  alter  the  redox  environment  {i.e., 
addition  of  oxygen)  to  estabhsh  and/or  maintain  desired  redox  conditions.  In  these  cases, 
treatability  studies  should  focus  on  creating  and  maintaining  the  desired  manipulated  environment 

Bioacrivity  often  results  in  the  depletion  of  nutrients  and  electron  acceptors  (i.e.,  oxygen,  nitrate, 
sulphate)  which  influence  or  control  the  redox  state  of  a  contaminated  environment  Eh 
differences  between  contaminated  and  uncontaminated  zones  owing  to  bioactivity  can  be  used 
to  monitor  microbial  activity  and  provide  evidence  for  bioremediation. 

3.2.1.3  Temperature 

All  microorganisms  have  characteristic  temperatiu^e  ranges  and  optimimis  for  growth  and 
reproduction  (Adas  and  Bartha,  1987).  In  general,  higher  temperatures  that  do  not  kill 
microorganisms  result  in  higher  metabohc  activities  (i.e.,  increased  oxygen  consiunption).    In 
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most  bioremediation  activities,  the  optimum  temp  -^turc  will  be  between  20°C  and  30°C. 
However,  there  can  be  significant  microbial  activitie.  at  temperatures  outside  this  range.  Table 
3.9  provides  ranges  of  temperature  and  optimums  for  various  physiological  groups  of 
microorganisms.  Temperature  will  also  influence  chemical  reaction  rates  (section  3.1.1.5)  and 
abiotic  processes  such  as  solubility  (section  3.1.1.2)  and  volatilization  (section  3.1.1.3). 

Evaluation  of  bioremediation  strategies  must  consider  the  temperature  at  which  substrate 
metabolism  will  occur.  The  rate  of  biodégradation  and  thus  project  duration  will  be  dependant 
on  the  temperature.  Winter  bioremediation  activities  in  northern  latitudes,  notably  on-site 
applications,  may  require  provision  of  physical  containment  facilities  (i.e.,  greenhouses)  for 
control  of  temperature  (Rozich  and  Zitrides,  unpubl). 

Treatability  studies  {i.e.,  microcosms,  section  4.0)  must  attempt  to  simulate  the  temperatiu"e  at 
which  field  level  applications  will  occur.  Results  of  laboratory  simulations  conducted  at  room 
temperature  will  have  no  relevance  to  rates  and  kinetics  likely  to  occur  in  the  field.  Manipulation 
of  temperature  to  enhance  bioremediation  should  also  be  addressed  where  possible.  Monitoring 
activities  should  include  quantification  of  seasonal  fluctuations  to  ensure  continual  microbial 
activity.  This  will  be  particularly  important  for  above  and  shallow  ground  {e.g.,  landfarming) 
treatment  strategies. 

3.2.1.4  Osmotic  pressure 

Microorganisms  must  cope  with  osmotic  pressure  resulting  from  differences  in  solute 
concentration  on  opposite  sides  of  a  semipermeable  membrane  (Adas  and  Bartha,  1987). 
Microorganisms  possess  certain  adaptive  capabilities  that  allow  them  to  tolerate  a  range  of 
osmotic  pressure.  However,  few  bacteria  (halophiles)  can  tolerate  the  osmotic  pressure  of  saline 
brines,  salt  marshes  and  seawater  envirorunents.  High  salt  concentrations  tend  to  denature 
proteins  thus  reducing  enzymatic  activity. 

Generally,  reduction  in  biodégradation  activity  because  of  osmotic  pressure  is  not  a  concern  in 
bioremediation.  However,  microbial  activity  such  as  reductive  dechlorination  may  result  in 
release  of  sufficient  quantities  of  chloride  ions  to  impact  upon  the  osmotic  pressure.  The 
presence  of  chloride  ions  is  easily  detectable  using  a  chloride  ion  specific  electrode/meter  and 
is  good  evidence  that  biologically  mediated  dechlorination  is  occurring  (section  3.1.2.1).  Trevors 
(pers.  comm)  and  Major  et  al.  (1991)  have  used  this  technique  to  successfully  measure  the 
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release  of  chloride  ions  during  the  biodégradation  of  pentachlorophenol  (PCP)  and 
tetrachloroethene  (PCE),  respectively.  Monitoring  of  changes  in  osnroric  pressure  will  be  of 
particular  concern  in  on-site  treatments  which  are  unable  to  feasibly  maintain  osmotic  levels  via 
dilution. 

Solute  concentration  may  also  have  a  marked  effect  on  the  transport  of  allochthonous 
microorganisms.  Gannon  ei  al.  (1991)  have  shown  that  the  transpon  of  a  Pseudomonas  strain 
in  a  saturated  laboratory  sand  column  is  enhanced  when  the  carrying  solution  is  switched  from 
0.01  M  NaCl  to  distilled  water.  They  postulate  that  the  change  in  sorption  of  the  microorganisms 
was  due  to  changes  in  the  cation-exchange  capacity  of  the  soil  (see  section  3.2.2.5). 

Lastiy,  dissolved  salts  in  the  aqueous  phase  may  either  increase  or  decrease  the  solubility  of  a 
contaminant  by  processes  referred  to  as  "salting-in"  or  "salting-out".  Bohon  and  Clausen  (1951) 
found  that  silver  nitrate  substantially  increases  the  solubility  of  toluene  (salting-in),  whereas 
potassium  nitrate  reduces  the  solubUity  of  toluene  (salting-out).  Both  sodium  chloride  solutions 
and  seawater  have  also  been  shown  to  reduce  the  solubilities  of  toluene  and  benzene  (Rossi  and 
Thomas,  1981;  Price,  1976;  Sutton  and  Calder,  1975).  Price  (1976)  examined  the  solubilities  of 
benzene  and  toluene  over  a  range  of  sodium  chloride  concentrations  and  found  the  solubilities 
of  both  decreased  significandy  with  increasing  salt  concentrations.  Thus,  the  presence  of 
dissolved  salts  may  play  a  role  in  the  solubility  of  contaminants  and  thus  may  influence 
contaminant  availability  and  toxicity. 

3.2.1.5  Moisture  content 

The  moisture  content,  or  water  activity,  provides  quantification  of  water  available  for  microbial 
use.  It  depends  on  the  number  of  moles  of  water  and  solute  and  on  the  activity  coefficients  for 
water  and  the  solute  (Adas  and  Bartha,  1987).  Water  activity  can  be  reduced  by  the  presence 
of  solutes  (osmotic  forces)  and  by  adsorption  to  solid  surfaces  (matric  forces).  Moisture  content 
can  be  determined  in  the  field  by  measuring  the  bulk  density  of  the  solid  matrix.  Generally, 
microbial  activities  are  associated  with  moisture  content  values  of  60  to  80%  of  the  water  holding 
capacity  (WHC)  (Table  3.9). 

Microbial  activities  in  soil  generally  fluctuate  with  the  moisture  content;  the  lower  the  water 
content,  the  lower  the  activity.  The  moisture  content  of  the  soil  and  its  distribution  must  be 
determined  and  monitored  to  ensure  that  adequate  water  is  available  to  allow  bioactivity.   For 
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biofarming,  it  will  be  important  to  keep  windrows  moist  by  periodic  spraying  with  water.  On-site 
applications  may  also  require  addition  of  water  to  replace  loss  through  evaporation  (Rozich  and 
Zitrides,  unpubl).  Increases  in  water  content  should  be  monitored  to  ensure  waterlogging  does 
not  result  in  shifts  from  aerobic  to  anaerobic  metabolism,  Unpredicted  shifts  in  metabolism  may 
produce  adverse  metabolites,  or  may  alter  conditions  hindering  the  eventual  re-establishment  of 
the  desired  aerobic  microorganisms. 

Several  non-microbial  processes  such  as  volatilization  and  diffusion  of  gases,  and  infiltration  and 
movement  of  contaminants,  will  also  be  influenced  by  the  moisture  content  of  soils.  Bioventing 
of  gases  will  require  sufficient  water  to  maintain  microbial  activity. 

12  ^6  Nutrients 

Mineralization  of  organic  matter  provides  the  carbon  required  for  growth  of  active 
microorganisms,  however,  organic  compounds  are  often  in  limited  supply  in  natural  ecosystems. 
While  natural  carbon  cycling  occurs,  in  general,  this  turnover  is  not  sufficient  to  meet  the  growth 
needs  of  a  microbial  community.  The  presence  of  organic  contaminants  in  ecosystems  provides 
a  source  of  carbon  for  growth.  However,  if  an  excess  of  available  carbon  is  not  coupled  with 
sufficient  levels  of  other  required  nutrients  {i.e,  inorganic  nutrients),  unbalanced  growth  may 
result. 

Inorganic  nutrients  are  essential  for  the  growth  and  maintenance  of  microorganisms.  The 
chemical  fomi  of  these  contaminants  dictates  their  availability  and  can  influence  their  toxicity. 
The  following  inorganic  nutrients  are  required  as  pan  of  microbial  metabolism  and  growth: 

•  Oxygen  is  an  electron  acceptor  required  in  most  aerobic  metabolic 
pathways.  The  initial  step  in  oxidation  of  many  contaminants 
involves  the  incorporation  of  one  oxygen  molecule  from 
molecular  oxygen  into  the  oxidized  product  (i.e.,  incorporation  of 
O  into  the  aromatic  ring  nucleus) 

•  Carbon  dioxide  is  required  for  both  autotrophic  and  heterotrophic 
growth.  It  is  available  in  solution  as  carbonate,  bicarbonate  or  in 
gaseous  form. 
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•  Nitrogen  is  required  for  amino  acid,  protein,  purine  and 
pyrimidine  biosynthesis.  It  is  available  to  few  microorganisms 
(N2-fixing  bacteria  such  as  Azotobacter  spp.,  Rhizobium  spp.)  in 
its  inert  gaseous  form  and  is  more  commonly  available  as  nitrate, 
nitrite  or  ammonium.  Some  microorganisms  use  nitrate  or  nitrite 
as  alternative  electron  acceptors  (or  in  conjunction  with  oxygen) 
in  respiration  pathways  (denitrification). 

•  Phosphate  is  required  for  microbial  generation  of  ATP  and  for 
nucleic  acid  (DNA,  RNA)  and  membrane  (phospholipid) 
synthesis. 

•  Sulphur  is  required  in  the  formation  of  proteins  and  other 
molecular  components. 

•  Iron  is  required  in  cytochromes  and  several  iron  proteins. 

•  Magnesium  is  required  for  ribosomal  function,  stabilization  of 
microbial  cell  wall  and  as  a  co-factor  for  enzyme  activity. 

•  Chloride  ions  arc  essential  for  maintenance  of  membrane  function 
as  is  sodium  and  potassium.  Potassium  is  the  predominant  ion 
inside  microbial  cells. 

•  Trace  metals  {i.e.,  Mn,  Cu,  Zn,  Mo)  are  required  for  enzyme  and  co-enzyme 
functioning 

Initial  characterization  of  the  contaminated  environment  should  include  analysis  for  the  levels  of 
nutrients  and  electron  acceptors  present  in  the  matrix  to  be  treated.  These  nutrients  will  likely 
be  rapidly  depleted  during  periods  of  microbial  activity,  thereby  limiting  bioremediation.  As  a 
result,  addition  of  nutrients  and  electron  acceptors  to  groundwater  and  soil  will  often  be  required 
to  maintain  or  initially  stimulate  microbial  activity.  Table  3.9  suggests  levels  of  key  nutrients 
required  for  bioactivity  and  bioremediation. 
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Nitrogen  and/or  phosphorous  are  typically  added  as  inorganic  salts  (i.e.,  ammonium  chloride, 
ammonium  nitrate,  sodium  nitrate,  sodium  and  potassium  phosphate,  orthophosphate)  to  achieve 
concentrations  in  the  groundwater  of  1  to  100  ppm  of  nitrogen  and/or  phosphorous  (BEAK, 
1990).  Iron,  manganese  and  magnesium  are  added  as  trace  nutrients  (10-100  ppb)  usually  in  the 
form  of  chloride  or  sulphate  salts  (BEAK,  1990).  Since  these  nutrients  are  readily  soluble  in 
water,  delivery  systems  are  designed  so  that  nutrients  can  be  transported  through  areas  of 
contamination,  converting  contaminated  areas  into  bioactive  zones  (Brubaker,  unpubl). 

Table  3.10  lists  the  terminal  electron  acceptors  and  reaction  products  of  selected  microbial 
processes.  Oxygen,  when  available,  is  the  predominant  electron  acceptor  in  aerobic  metabolic 
reactions.  Many  bioremediation  projects  rely  on  the  controlled  delivery  of  oxygen  through 
engineered  systems  to  provide  an  adequate  supply  of  electron  acceptors.  A  direct  relationship 
between  the  mass  of  oxygen  required  and  the  mass  of  the  contaminant  that  can  be  biodegraded 
exists,  assuming  that  molecular  oxygen  is  the  only  oxidant  In  general,  the  amount  of  oxygen 
required  for  a  microbial  process  is  approximately  three  pounds  of  oxygen  per  pound  of 
biodegradable  organic  present  within  the  treatment  area  (Brubaker,  impubl). 

Nitrate  or  nitrite  can  be  also  be  used  as  an  electron  acceptor  for  denitrification  in  oxygen  depleted 
(anaerobic)  zones  of  contamination.  Specific  enzymes  (reductases)  and  catabolic  activities  are 
induced  under  denitrifying  conditions  which  result  in  biodégradation  of  the  organic  compounds. 
Recent  studies  (Brubaker,  unpubl)  have  demonstrated  that  PAHs  and  other  organic  compounds 
can  be  degraded  by  denitrifying  bacteria.  The  use  of  these  alternate  electron  acceptors,  while 
limited  in  current  commercial  practices,  has  significant  potential  provided  hydrogeological 
conditions  allow  containment  of  the  introduced  nitrate/nitrite. 

Batterman  and  Werner  (1984)  first  documented  the  use  of  nitrate  to  clean  up  an  oil  spill  in  the 
upper  Rhine  catchment  Groundwater  was  stripped  of  volatiles,  amended  with  nitrate,  ammonia 
and  ortho-phosphate  and  reinjected  into  the  contaminated  aquifer.  Approximately  75%  (16.6 
tonnes)  of  the  total  hydrocarbons  (coupled  with  consumption  of  50  tonnes  of  nitrate)  were 
removed  from  the  pore  volume  of  the  sand  after  300  days.  A  more  comprehensive  study  of  BTX 
biodégradation  under  denitrifying  conditions  (using  appropriate  field  controls  and  mass  balances) 
was  undertaken  by  Berry-Spark  et  al.  (1988)  who  demonstrated  toluene  and  xylene  (but  not 
benzene)  removal  concurrent  with  ititrate  reduction. 
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Nutrient  requirements  will  vary  with  each  bioremediation  effort  and  must  therefore  be  addressed 
for  each  case.  Redox  conditions  (section  32.12)  will  dictate  the  metaboUc  pathways  which  will 
be  used  and  thus  will  determine  the  electron  acceptors  that  will  be  required.  pH  (section  3.2.1.1) 
will  influence  the  speciation  and  availability  of  certain  nutrients  and  electron  acceptors  and  so 
must  be  defined. 

The  design  and  implementation  of  nutrient  delivery  systems,  where  required,  must  be  addressed. 
These  considerations  will  be  significantiy  more  important  for  in  situ  strategies  in  which  the 
contaminated  environment  cannot  be  easily  and  cost-effectively  manipulated.  Delivery  of 
nutrients  in  in  situ  bioremediation  strategies  must  overcome  clogging  and  precipitation  of 
delivered  nutrients.  If  the  proper  nutrients  and  electron  acceptors  cannot  be  uniformly  distributed 
in  sufficient  quantities,  the  success  of  bioremediation  cannot  be  ensured.  Shifts  in  terminal 
electron  acceptors  as  a  result  of  inadequate  supply  or  distribution  may  induce  changes  in  the 
microbial  community  structure,  thereby  limiting  success  of  a  bioremediation  strategy  (White, 
1988). 

Detection  of  changes  in  reactants  (O2,  nitrate,  sulphate  &  reactants)  and  products  (CO2  & 
intermediary  metabolites)  indicative  of  known  metabolic  processes  can  be  monitored  to  provide 
indirect  evidence  of  bioremediation.  Strength  of  the  evidence  is  improved  if  loss  of  contaminant 
and  nutrients  is  shown  relative  to  loss  of  a  conservative  tracer  like  bromide.  Ideally, 
stoichiometric  relationship  should  be  evident  between  the  amount  of  nutrients  consumed,  loss  of 
contaminants,  and  production  of  end-products  and  biomass.  Unequivocal  evidence  of 
bioremediation  is  the  formation  of  radiolabelled  daughter  and  end-products  from  a  radiolabelled 
contaminant 

3.2.2    Hydrogeological 

Characterization  of  the  hydrogeological  environment  will  assist  in  predicting  contaminant 
transport,  nutrient  distribution  and  microbial  activity.  Successful  application  of  bioremediation 
will  thus  be  dependant  on  an  accurate  characterization  of  the  hydrogeological  environment.  The 
delineation  of  hydrogeological  characteristics  will  be  crucial  for  in  situ  treatments  and  will  be  of 
concern  in  the  pimiping  portion  of  on-site  strategies.  A  brief  review  of  the  characteristics  of  the 
saturated  and  unsaturated  zones  is  provided  and  is  followed  by  the  hydrogeological  information 
requirements. 
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The  saturated  zone  occurs  below  the  watertable  and  consists  of  the  soil  zone  where  the  moisture 
content  equals  the  porosity.  Contamination  of  the  saturated  zone  can  consist  of  both  soil 
contamination  and/or  groundwater  contamination  depending  on  the  contaminant  characteristics 
(see  section  3.1.1).  In  general,  the  saturated  zone  can  be  divided  into  aquifers  and  aquitaids. 
Aquifers  can  be  further  subdivided  into  unconfined  (water  table  aquifer)  or  confined  aquifers 
which  are  bounded  by  low  permeability  aquitards  (Freeze  and  Cherry,  1979). 

The  imsaturated  zone,  often  referred  to  as  the  vadose  zone,  is  the  region  extending  from  the 
ground  surface  to  the  upper  surface  of  the  principal  water-bearing  formation  (Sims,  1990).  The 
vadose  zone  is  in  contact  with  the  atmosphere  through  its  network  of  pores  and  is  also  in  contact 
with  the  saturated  zone  through  the  capillary  fringe.  Contaminants  in  the  vadose  zone  may 
adsorb  to  soil  particles  or  may  volatilize  and  be  retained  within  the  pore  spaces.  Diffusion  of 
gases  within  the  vadose  zone  may  redistribute  contamination  and  may  hinder  accurate  mass 
balances.  Rucmations  in  the  watertable  and/or  infiltrating  water  may  contact  soil  gas  and 
introduce  contamination  to  underlying  aquifers. 

In  general,  as  the  complexity  of  the  geology  increases,  notably  heterogeneity,  so  does  the 
complexity  of  geochemical  and  microbial  transport  and  thus  the  likely  success  of  in  situ  processes 
decreases  due  to  impracticality  and  costs  required  to  obtain  adequate  control. 

3.2.2.1  Dehneation  of  the  Saturated  and  Unsaturated  Zones 

The  thickness  and  extent  of  the  saturated  and  unsaturated  zones  and  the  location  of  confining 
units  and  discharge  areas  will  aid  in  delineating  contamination  and  in  predicting  the  transport  and 
distribution  of  the  contaminant(s).  The  potential  for  further  contamination  of  aquifers  or  vadose 
zones  and  the  potential  impact  of  further  contamination  should  be  addressed.  For  example, 
passive  bioremediation  (in  which  bioremediation  occurs  within  the  migrating  plume)  may  not 
lower  contaminant  concentrations  in  sufficient  time  to  prevent  impacting  drinking  water  supplies 
or  discharges  to  surface  waters. 

The  presence,  distribution  and  size  of  fractures  will  also  influence  the  distribution  of 
contaminants.  For  example,  fractures  in  confining  units  may  permit  the  migration  of 
contaminants  into  otherwise  isolated  aquifers.  Fracturing  in  the  aquifer,  aquitards  or  vadose  zone 
should  be  assessed  to  ensure  containment  and  availability  of  contaminants  for  biodégradation. 
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Another  characteristic  which  should  be  considered  is  the  depth  to  the  watertable.  At  sites  with 
shallow  watertables,  injection  of  water  through  wells  or  trenches  may  cause  flooding.  Shallow 
injection  points  limit  the  amount  of  hydraulic  head  which  can  be  applied  to  an  injection  system, 
thereby  limiting  the  area  of  influence  of  injection  weUs.  This  will  affect  the  rate  of  travel  of 
injected  water  and  nutrients  into  contaminated  areas,  thereby  influencing  treatment  time,  and 
capital  costs  (Brubaker,  unpubl). 

3. 2.2.2  Hydraulic  Conducriviry 

Hydraulic  conductivity  (K)  quantifies  the  overall  ability  of  a  porous  medium  to  conduct  water. 
A  similar  K  value  for  vapour  transpon  can  be  determined  for  bioventing  strategies. 
Characterization  of  contaminant  flow  and  of  the  behaviour  of  nutrients  and  other  key  geochemical 
species  during  bioremediation  will  be  dependant  on  the  distribution  of  K.  For  example,  if  two 
units  both  have  high  K,  but  one  unit  has  a  K  value  one  hundred  times  that  of  the  second,  then 
essentially  all  flow  will  occur  in  the  flrst  unit,  regardless  of  the  high  K  of  the  second  unit  The 
success  of  any  injection  or  extraction  system  (including  wells,  infiltration  galleries  and  drainage 
ditches)  for  control  of  contaminant  movement  and  delivery  of  essential  electron  acceptors  and 
nutrients  will  thus  depend  on  identifying  the  distribution  of  hydraulic  conductivity  in  the 
contaminated  matrix  (Rittman  ei  ai,  1991). 

Many  bioremediation  strategies  withdraw  contaminated  groundwater,  remove  contaminants, 
amend  the  water  with  nutrients  and  inject  the  water  back  to  the  contaminated  zone.  Hydraulic 
conductivity  will  control  the  rate  at  which  water  can  be  withdrawn  as  well  as  the  rate  that  the 
nutrients  can  be  dehvered  back  into  the  contaminated  matrix.  Ideally,  injection  and  recovery 
wells  should  be  separated  by  a  distance  that  allows  injected,  nutrient-amended  water  to  reach 
areas  of  contamination  shortly  after  injection,  so  as  to  limit  tijne  for  nutrient  sp>eciation, 
precipitation,  and  sorption  (Bmbaker,  unpubl). 

Aquifer  tests  (pump  and  slug  tests)  can  be  used  to  estimate  K  in  the  field  so  that  these  systems 
can  be  appropriately  situated.  Measurement  of  the  heterogeneity  (spatial  distribution  of  K)  will 
be  difficult  and  may  influence  efficiency  of  implemented  systems. 

Figure  3.4  provides  the  range  of  hydraulic  conductivities  associated  with  different  consolidated 
and  unconsoUdated  deposits.  Current  bioremediation  projects  generally  centre  on  more 
permeable,  unconsolidated  deposits  where  diffusion  of  gaseous  contaminants  and/or  movement 
of  groundwater  can  be  controlled.  Typical  hydraulic  conductivities  of  these  deposits  are  in  the 
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range  of  10"  to  10"  cm/s  while  pumping  rates  of  these  deposits  range  from  25  to  380  Umin 
and  flow  rates  range  from  0.6  to  800  m/yr  (BEAK,  1990). 

Provided  that  contamination  is  not  too  deep,  low  K  soils  can  still  be  treated  on-site.  This  initially 
requires  amending  excavated  soils  with  bulking  agents  (sand,  wood  chips)  which  increase  K,  or 
mixing  the  surface  soils  with  bulking  agents  in  situ  (i.e.,  landfarming). 

Use  of  bioremediation  may  also  be  feasible  as  a  containment  method  for  contaminants  in  low 
permeability,  low  K  zones.  While  the  contaminant(s)  are  not  necessarily  removed,  their 
distribution  is  limited.  Major  etal.  (1991)  contained  chlorinated  solvent  contamination  (PCE  to 
VC)  in  a  low  K  aquifer  with  anaerobic  activity,  even  though  the  microbial  population  was  sparse 
(10^  CFU/gdw  soil)  and  stressed. 

The  moisture  content  of  the  vadose  zone  is  generally  not  sufficient  to  allow  steady  state  flow. 
As  such,  moisture  content  and  not  hydraulic  conductivity  will  be  the  more  important 
measurement  parameter  (section  3.2.1.5).  In  the  vadose  zone,  distribution  of  contaminants  will 
be  a  function  of  contaminant  volatilization  (section  3.1.1.3)  and  of  the  matrix  permeability 
(section  3.2.2.4). 

3.2.2.3  Hydraulic  Gradient 

Direction  and  magnitude  of  the  hydraulic  gradient  control  the  movement  of  groundwater  and 
associated  contaminants  and  will  be  key  in  determining  contaminant  distribution.  Hydraulic 
gradients  help  in  identifying  recharge  and'  discharge  zones  and  will  help  in  proper  placement  of 
recovery  and  infiltration  systems.  In  situ  bioremediation  will  likely  alter  or  may  require 
alteration  of  hydraulic  gradients  and  so  these  should  be  evaluated  and  monitored. 

Simple  observation  piezometers  are  typically  used  to  determine  the  hydraulic  gradient  Multi- 
level piezometers  or  piezometer  nests  are  perhaps  more  useful  as  they  provide  estimates  of  both 
vertical  and  horizontal  components  of  groundwater  flow  (Rittman  et  al.,  1991). 

3.2.2.4  Porosity  and  Permeability 

The  porosity  of  a  geologic  deposit  is  defined  as  the  percentage  of  void  space  that  materials 
contain  (Freeze  and  Cherry,  1979).   In  effect,  the  porosity  will  determine  the  amount  of  liquid 
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(i.e.,  water  and/or  contaminant)  that  may  be  retained  in  a  geologic  unit.  Porosity  will  vary  with 
and  within  the  geologic  deposits  that  make  up  the  contaminated  system(s). 

The  porosity  of  the  saturated  zone  will  be  important  as  it  will  define  the  mass  of  contaminant  that 
may  be  retained  and  may  be  in  contact  with  groundwater.  The  porosity  will  also  affect  the 
hydraulic  conductivity  of  an  aquifer.  In  general,  the  higher  the  porosity,  the  higher  the  hydraulic 
conductivity.  In  the  vadose  zone,  porosity  will  influence  the  amount  of  residual  contamination 
which  may  be  held  in  the  pores  of  a  soUd  matrix  and  will  determine  the  mass  of  gaseous 
contaminant  that  may  be  retained  within  the  umt(s). 

Groundwater  extraction  may  result  in  the  dewatering  of  clay  layers  which  may  lead  to  changes 
in  porosity  and  compaction  of  geologic  deposits.  Alternatively,  the  addition  of  nutrients  may 
cause  clogging  and  decreased  permeability  as  a  result  of  precipitation  of  the  nutrients  or  as  a 
result  of  microbial  growth.  Changes  in  porosity/permeability  may  alter  flow  conditions  thereby 
influencing  the  success  of  bioremediation. 

Permeability  is  defmed  as  the  ability  of  a  geologic  material  to  allow  passage  of  liquid.  Although 
permeability  and  porosity  arc  often  related,  a  porous  material  is  not  always  permeable.  For 
example,  clay  is  porous  but  does  not  allow  water  to  pass  through. 

The  permeability  of  geologic  deposits  will  be  key  to  the  migration  of  contaminants  (dissolved 
or  free  phase)  as  both  liquids  in  the  saturated  zone  and  as  gases  in  the  vadose  zone.  Permeability 
will  be  responsible  for  the  heterogeneity  of  a  site  as  zones  of  low  permeability  (i.e.,  clay  lenses) 
will  control  groundwater  and  gas  movement  The  average  hydraulic  conductivity  will  be 
influenced  by  the  permeability  of  the  materials  involved.  Figiire  3.4  provides  the  range  of 
permeabilities  associated  with  various  geologic  deposits. 

The  average  permeability  of  site  materials  and  lenses  of  low  permeability  should  be  identified, 
prior  to  in  situ  bioremediation.  The  distribution  of  nutrients  and  electron  acceptors  to  areas  of 
low  permeabUity  may  be  limited,  resulting  in  low  microbial  activity  and  the  presence  of 
contaminated  zones  which  are  not  treatable  by  bioremediation.  On-site  treatments  may  overcome 
problems  of  heterogeneity  and  limitations  of  permeability  by  dilution  and/or  by  mixing  of  low 
permeability  materials  with  those  of  higher  permeability. 


8007.1  FINAL  REPORT  3.33 


Permeability  will  also  be  a  consideration  during  the  addition  of  allochthonous  microorganisms 
because  it  may  prevent  their  transport,  limitijig  their  distribution. 

3.2.2.5  Cation  Exchange  and  Particle  Size 

Cation  exchange  is  a  property  commonly  associated  with  clay  minerals,  whereby  cations  arc 
exchanged  between  the  surfaces  of  minerals  and  their  surroundings.  The  transport  of 
contaminants,  nutrients  or  added  microorganisms  through  clay  minerals  or  lenses  with  high  cation 
exchange  properties  may  be  limited  by  binding  of  these  components  to  charged  mineral  surfaces. 
Limiting  the  mobility  and  availability  of  added  nutrients  or  microorganisms  may  decrease  the 
success  of  a  bioremediation  strategy.  Table  3.11  provides  ranges  of  cation  exchange  capacity  for 
several  clay  minerals  and  organic  matter. 

Many  cations  involved  in  ion  exchange  (i.e.,  calcium,  magnesium,  manganese,  iron)  are  important 
solutes  of  the  cytoplasmic  environment  required  for  the  activity  of  numerous  enzymes.  Certain 
cations,  notably  calcium,  arc  also  requircd  in  the  stabilization  of  structural  components  of  the 
bacterial  cell  wall  (Atlas  and  Bartha,  1987).  Decrcased  availability  of  these  divalent  cations  as 
a  result  of  their  exchange  with  clay  minerals  may  result  in  deficiencies  which  limit  microbial 
activity  and  growth.  In  addition,  toxicity  of  metal  ions  exchanged  and  bound  to  the  surface  of 
clay  minerals  may  inhibit  bioactivity. 

Ammonia  can  be  lost  through  ion  exchange  with  other  cations  in  clays  and  soils  and  phosphate 
can  interact  with  exchanged  cations,  notably  calcium  and  magnesium.  While  these  processes  do 
not  make  the  nutrients  imavailable,  they  do  limit  their  transport  and  may  affect  their  formulation. 
The  association  of  such  nutrients  with  clays  may  also  lead  to  dispersion  or  swelling  of  clay 
particles  (Brubaker,  unpubl).  The  swelling  of  clays  can  rcsult  in  reduced  permeability  (section 
3.2.2.4)  and  hydraulic  conductivity  (section  3.2.2.2). 

Bacterial  surfaces  possess  a  negative  charge  which,  like  the  cation  exchange  of  soils,  can  be 
affected  by  solutes  and  pH  changes  (sections  3.2.1.4  and  3.2.1.1).  Cations  bound  to  the  surface 
of  a  clay  possessing  high  cation  exchange  capacity  may  attract  and  bind  negatively  charged 
bacteria  and  as  such,  may  limit  the  distribution  of  added  microorganisms. 
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Cation  exchange  is  significantly  influenced  by  the  pH  of  the  soil  environmenL  In  general,  as  the 
pH  of  a  soil  increases,  so  does  its  cation  exchange  capacity.  Table  3.12  shows  the  effect  of  pH 
on  cation  exchange. 

Anion  exchange,  a  property  similar  to  cation  exchange,  is  of  less  concern  as  most  mineral 
surfaces  possess  negative  charges  and  thus  repel  anions.  Attraction  of  anions  to  a  positively- 
charged  mineral  surface  (e.g.,  clay  edges,  hydrous  oxides,  allophane)  is  often  referred  to  as 
nonspecific  anion  reaction.  Of  more  concern  is  the  attraction  of  anions  (e.g.,  phosphate,  nitrate) 
to  the  cations  bound  to  mineral  surfaces.  Together,  non-specific  reaction  and  attraction  to  canons 
bound  to  mineral  surfaces  may  serve  to  limit  effective  distribution  of  anionic  nutrients  within  a 
contaminated  matrix. 

A  general  estimate  of  the  particle  size  distribution  at  various  spatial  locations  should  be  obtained 
as  particle  size  will  determine  the  space  and  particle  surface  area  available  for  colonization  by 
microorganisms  (Rittman  et  ai,  1991).  The  particle  size  will  also  influence  the  permeability  and 
hydraulic  conductivity  of  the  soUd  matrix  and  will  dictate  the  ability  to  effectively  distribute 
nutrients  within  the  matrix.  Panicle  size  determination  will  be  notably  important  in  clays  and 
silts  where  adequate  surfaces  or  pore  spaces  may  not  be  available  to  retain  moisttire  or  provide 
appropriate  microbial  habitats.  Table  3.1 1  provides  ranges  of  surface  area  associated  with  several 
clay  minerals  and  organic  matter.  In  general,  the  larger  surface  areas  should  better  support 
microbial  growth. 

To  date,  little  information  and  few  examples  are  available  to  define  the  effect  of  a  given  particle 
size  on  hydrogeological  conditions  and  on  microbial  activity,  however,  the  role  of  particle  size 
in  successful  bioremediation  has  been  addressed  by  several  researchers  (Rittman  et  ai,  1991; 
Sims.  1990). 

3.2.2.6  Natural  Organic  Carbon 

The  natural  organic  carbon  of  soil  and  groundwater  can  be  measured  by  several  conventional 
means,  notably  Total  Organic  Carbon  (TOC),  fraction  of  organic  carbon  (foe)  or  dissolved 
organic  carbon  (DOC).  The  DOC  is  a  measure  of  the  organic  carbon  dissolved  in  filtered 
groundwater  samples.  The  foe  measures  the  carbon  adsorbed  to  soil  surfaces  and  generally  does 
not  include  the  dissolved  organic  carbon.  The  TOC  provides  a  measurement  of  the  total  organic 
carbon  both  dissolved  and  adsorbed  to  soil.  While  the  results  of  each  measurement  are  not  equal, 
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it  is  strongly  suggested  that  at  least  one  of  the  measurements  be  made  to  assess  the  possible 
influence  of  natural  organic  matter  on  bioremediation. 

The  methods  for  measuring  TOC  and  foe  are  similar  and  involve  trapping  and  removing  the 
water  and  inorganic  carbon  (e.g.,  carbonates,  CO2)  from  a  sample.  The  sample  is  then  rapidly 
and  completely  combusted  in  a  quartz  tube  fumace  set  at  800°C  and  the  CO2  produced  is 
detected  using  a  non-dispersive  infrared  analyzer,  selective  for  CO2.  The  expected  range  of  the 
system  is  0.01  to  20%  but  the  system  can  detect  as  low  as  0.007%  with  reasonable  accuracy 
(Churcher  and  Dickhout,  1987).  For  a  more  complete  description  of  the  methods  of  TOC/foc 
analysis,  the  reader  is  referred  to  Churcher  and  Dicichout  (1987). 

The  natural  organic  content  of  an  aquifer  should  be  determined  as  it  may  influence  contaminant 
sorption  (section  3.1.1.4)  and  mass  balancing  during  monitoring  (section  3.1.3.2).  Contaminants 
and  added  nutrients  may  sorb  to  aquifer  materials,  notably  humic  and  fulvic  acids,  and  thus  their 
availability  may  be  limited.  Similarly,  allochthonous  microorganisms  may  sorb  to  organic  carbon 
in  an  aquifer  and  thus  the  distribution  of  the  desired  microorganisms  may  be  limited.  Together, 
sorption  to  natural  organic  carbon,  may  limit  the  success  of  bioremediation. 

Monitoring  of  bioremediation  using  the  mass  balance  approach  may  be  hampered  by  the  presence 
of  natural  organic  carbon.  Firstly,  natural  labile  organic  compounds  may  serve  as  alternate 
substrates  whose  degradation  products  {e.g.,  CO2)  are  the  same  as  those  of  the  contaminant(s). 
The  accimaulation  and  detection  of  these  common  metabolic  products  may  lead  to  overestimation 
of  contaminant  degradation.  In  addition,  contaminant  mass  sorbed  to  natural  organic  carbon  may 
not  be  detected  and  thus  observed  mass  loss  may  again  be  grcady  overestimated. 

The  presence  of  natural  labUe  organics  in  a  contaminated  system  may  be  beneficial  to 
bioremediation  as  they  may  provide  a  carbon  source  on  which  microorganisms  can  grow. 
However,  in  general,  the  natural  organic  content  is  insufficient  to  support  the  microbial  activity 
required  for  bioremediation.  In  addition,  many  natural  labile  organics  cannot  be  used  as 
microbial  substrates.  Thus,  the  TOC/foc  of  a  contaminated  environment  does  not  necessarily 
correlate  with  the  potential  for  bioremediation  success  and  should  not  be  used  to  infer  probability 
of  bioremediation  success. 
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33       Microbial  Characterization 

Bioremediation  of  contaminants  can  occur  under  a  wide  range  of  environmental  conditions.  The 
initial  condition  of  the  environment  {i.e.,  geochemical  and  physicochemical  conditions)  will 
determine  what  nutrients  and  electron  acceptor(s)  are  available.  This  will  in  turn  determine  the 
groups  of  microorganisms  that  will  be  active,  their  level  of  activity,  the  biochemical  pathways 
and  enzymes  that  will  be  operational,  and  the  contaminants  that  can  be  degraded. 

The  microbial  community  changes  in  size  and  composition  during  bioremediation  and  may  alter 
the  surrounding  geochemistry,  thereby  creating  conditions  which  favour  the  activities  of  other 
microorganisms.  This  dynamic  activity  underscores  the  need  to  understand  the  initial  status  of 
the  microbial  population  and  how  it  responds  during  bioremediation.  This  insight  also  provides 
clues  on  how  to  both  evaluate  the  feasibility  of  bioremediation  and  monitor  and  validate  the 
process. 

The  microbiological  properties  that  should  be  characterized  are: 

•  biomass  size  of  the  total  microbial  population,  or  subsets  thereof; 

•  composition  of  the  microbial  community; 

•  activity  and  growth  of  the  microbial  population;  and 

•  distribution  of  the  above  three  properties. 

These  microbiological  properties  are  described  in  sections  3.3.1  (biomass  size),  3.3.2  (microbial 
population  composition),  3.3.3  (microbial  activity/growth),  and  3.3.4  (microbial  distribution). 

3.3.1    Biomass  size 

An  initial  determination  of  the  biomass  size  of  contaminated  and  uncontaminated  zones  will  be 
required  to  assess  the  feasibility  of  bioremediation.  In  most  cases,  irtitial  biomass  levels  will  be 
unpredictable  and  possibly  low  as  microbial  communities  exhibit  homeostasis.  (Comparing  the 
biomass  in  and  outside  of  the  zone  of  contamination  may  indicate  if  bioremediation  is  feasible 
or  is  occurring.  Transformation,  and  ultimately  mineralization,  of  organic  contaminants  may  be 
accompanied  by  an  increase  in  biomass  size  provided  bioactivity  is  not  inhibited  by  contaminant 
toxicity  or  by  the  physical  state  of  the  contaminant(s).  The  biomass  size  of  contaminated  zones 
should  increase  in  response  to  contaminant  metabolism  while  the  biomass  size  in  uncontaminated 
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zones  should  remain  static  (except  for  fluctu./ions  within  a  range  inducible  by  normal 
environmerital  factors  such  as  moisture  content  and  temperature).  Comparison  of  the  biomass 
size  in  both  contaminated  and  uncontaminated  zones  should  thus  provide  evidence  of  microbial 
adaptation  and  activity. 

As  with  all  assessments,  comparative  biomass  evaluation  must  be  based  on  a  statistically  valid 
number  of  samples  from  within  and  outside  the  zone  of  contamination.  It  is  possible  that 
samples  taken  from  uncontaminated  (pristine)  areas  have  been  impacted  by  undetected  by- 
products (those  not  analyzed  for)  generated  in  the  contaminated  zone.  Uncontaminated  soil  and 
groundwater  samples  should  be  taken  "upgradient"  from  the  zone  of  contamination  to  ensure  their 
integrity.  If  this  simple  precaution  is  not  taken,  it  may  be  possible  to  conclude  that  there  is  no 
significant  differences  between  biomass  measurements  in  the  contaminated  and  uncontaminated 
zones,  and  that  the  indigenous  (or  allochthonous)  biomass  is  not  responding  to  the  contaminants 
(i.e.,  a  false  negative). 

Treatability  studies  should  attempt  to  stimulate  microbial  activity  through  addition  of  nutrients 
or  modification  of  environment  conditions.  If  no  biomass  is  present  or  if  adequate  resp>onse 
cannot  be  obtained  with  initial  biomass  levels,  the  addition  of  allochthonous  microorganisms  may 
be  considered  for  bioremediation  of  the  contaminants. 

Monitoring  activities  should  include  periodic  determinations  of  biomass  size  over  the  course  of 
bioremediation.  Comparison  of  post  priori  biomass  against  initial  biomass  values  should  provide 
indication  that  microorganisms  are  stimulated  by  the  presence  of  the  contaminant(s).  Inhibition 
of  bioactivity  by  high  contaminant  concentrations  may  be  refleaed  by  such  biomass  monitoring. 
Bioremediation  can  also  be  assessed  during  monitoring  by  comparing  the  total  biomass  to 
subgroup  biomass  (i.e.,  genus  or  functional  physiological  group  biomass).  Adaptation  of  specific 
degrader-micToorganisms  and  successful  bioremediation  should  result  in  selection  of  specific 
groups  of  microorganisms  in  zones  or  contamination.  Table  3.13  presents  and  interprets  four 
biomass  response  scenarios  which  may  be  observed  during  bioremediation. 

Because  of  the  importance  of  the  total  microbial  biomass  in  evaluating  and  monitoring 
bioremediation,  it  is  critical  to  have  analytical  techniques  that  provide  reasonable  estimates  of  the 
biomass.  Isolation  and  subsequent  culturing  of  microorganisms  using  classical  microbiological 
methods  {i.e.,  petri  plates)  often  lead  to  gross  underestimation  of  the  numbers  of  microorganisms, 
while  direct  counts  are  overestimated  by  inclusion  of  non-viable  bacteria.    Classical  culturing 
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methods  (spread  and  pour  plate,  most  probable  number  techniques)  are  limited  because  tfiey  rely 
on  recovering  soil  and/or  groundwater  microorganisms  which  are  viable  and  which  can  grow  on 
the  media  selected  for  their  cultivation.  Typically,  only  1  to  10%  of  the  total  biomass  can  be 
enumerated  by  culturing  techniques. 

Alternative  methods  for  determining  microbial  biomass  include  estimation  of  muramic  acid 
content,  estimation  of  ATP  levels,  enzyme  activity  assays,  and  phospholipid  fatty  acid  (PLFA) 
analysis  (White,  1988).  Each  method  has  its  associated  benefits  and  limitations,  which  will  not 
be  discussed  herein.  Of  these  methods,  lipid  analysis  provides  the  most  representative  measure 
of  viable  cellular  biomass.  Membrane  phospholipids  are  found  in  all  cellular  membranes  (but 
not  in  storage  lipids),  have  a  rapid  turnover  in  living  cells,  are  rapidly  hydrolysed  on  cell  death, 
and  are  found  in  constant  amounts  in  bacterial  cells  in  nature  (White,  1988).  Under  conditions 
expected  in  natural  communities,  bacteria  contain  relatively  constant  proportions  of  their  biomass 
as  phosphoUpids.  Analysis  of  the  phospholipid  content  in  soils  thus  gives  a  measure  of  the  viable 
cellular  biomass  when  compared  to  measurement  of  other  cellular  components  (i.e.,  enzymes, 
ATP,  muramic  acid)  (White,  1988). 

3.3.2    Microbial  Community  Composition 

Initial  determination  of  the  microbial  composition  both  in  contaminated  and  uncontaminated 
zones  will  indicate  if  the  appropriate  degrading  microorganisms  are  present.  The  effective 
biodégradation  of  contaminants  often  relies  on  interactions  between  different  physiological  groups 
of  microorganisms  and  may  rely  on  cometabolic  interactions  between  different  groups  of 
microorgansisms.  If  interactions  amongst  groups  of  microorganisms  are  required  for  acceptable 
biodégradation  of  the  contaminant(s),  then  the  key  species  of  microorganisms  involved  should 
be  present  in  or  added  to  the  matrix  to  be  remediated.  For  example,  Shelton  and  Tiedje  (1984) 
have  demonstrated  the  relationship  between  a  dechlorinating  sulphidogen  (Desulfomonile  tiedjie), 
benzoate  fermenters,  methanogens  and  other  sulfidogens.  The  researchers  demonstrated  that  D. 
tiedjie  could  not  dechlorinate  3-chlorobenzoate  without  the  presence  of  the  other  bacteria.  Thus, 
it  would  not  be  sufficient  to  add  D.  tiedjie  to  an  environment  contaminated  by  3-chloroben2oate 
if  the  additional  aforementioned  microorganisms  were  not  present  or  added. 

In  the  cases  that  appropriate  degraders  are  not  present,  additions  may  be  required.  These 
additions  should  be  followed  with  post  priori  community  characterizations  to  ensure  that  the 
added  microorgardsms  have  survived  and  undertaken  the  task  they  were  added  for.    In  some 
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cases,  several  additions  of  the  microbial  straiii(s)  will  be  necessary  to  ensure  required  activity 
levels.  Most  biorcmediation  strategies,  especially  those  involving  the  addition  of  allochthonous 
microorganisms,  do  not  undertake  microbial  characterization  either  a  priori  or  post  priori.  It  is 
thus  difficult  to  prove  if  biorcmediation  was  achieved  by  the  microorganisms  that  were  paid  for 
or  by  known  or  unknown  indigenous  microorganisms.  Section  2.4  addresses  several  of  the 
limitations  and  concerns  over  use  of  commercial  inoculants. 

Current  methods  for  the  identification  of  microbial  community  members  are  time-consuming  and 
often  lead  to  incomplete  community  assessments  (section  3.3.1).  Analysis  of  the  ester-linked 
fatty  acids  of  phospholipids  is  a  promising  technique  because  it  iirovides  a  chemical  fingerprint 
of  the  community  structure  (White,  1988).  With  this  analysis,  specific  physiological  subsets  of 
the  microbial  community  can  be  detected  based  on  patterns  of  PLFA  {e.g.,  methanotrophs, 
sulphate  reducing  bacteria,  methanogens,  actinomycetes,  Gram  positive  and  negative  populations, 
aerobic  versus  anaerobic  populations,  eukaryotes  such  as  protozoans).  Because  this  technique 
gives  a  broad  picture  of  the  microbial  community  it  can  be  used  to  monitor  shifts  in  community 
structure.  Often  the  structure  of  the  microbial  community  adapts  to  contamination.  Community 
adaptation  can  be  quantitatively  assayed  with  this  technique  making  PLFA  analysis  a  valuable 
monitoring  tool.  However,  this  technique  generally  cannot  be  used  to  detect  specific  genus  and 
species  of  microorganisms.  If  this  information  is  required,  then  classical  culturing  and 
identification  techniques  should  be  used.  Alternatively,  specific  DNA  probes  or  monoclonal 
antibodies  may  be  used  to  detect  and  estimate  the  biomass  of  individual  microbial  sf>ecies. 

The  presence  of  microbial  predators  (protozoa)  may  provide  an  indirect  measure  of  biomass  as 
their  numbers  in  zones  of  biodégradation  are  proportional  to  the  size  of  biomass  actively 
degrading  the  contaminants  (Madsen  et  al.,  1991a).  Soil  protozoans  prey  upon  bacterial  cells  and 
may  reduce  bacterial  population  density.  The  presence  of  an  active  soil  protozoan  population 
may  result  in  reduction  of  an  introduced  bacterial  population  in  a  period  of  a  few  days  to  weeks, 
thus  preventing  success  of  biorcmediation.  The  presence  and  success  of  protozoa  will  be 
dependant  on  the  tolerance  of  the  predators  to  the  toxicity  of  the  contaminant(s). 

3.3.3    Microbial  Activity/Growth 

Biomass  and  commurtity  analysis  provide  no  indication  of  activity  and/or  stress.  Often  it  is 
possible  to  obtain  plate  counts  from  highly  contaminated  areas  and  therefore  incorrectiy  conclude 
that  the  biomass  is  active  in  the  contaminated  zone.   Table  3.14  provides  an  example  of  how 
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such  assumptions  can  be  incorrect  Based  on  the  total  PLFA  measurement,  a  biomass  of  l(r 
cfu/g  sediment  is  detectable  at  a  depth  of  approximately  43m  (below  ground  siuface).  However, 
corresponding  measurements  reveal  no  microbial  activity.  In  this  case,  assumption  of  microbial 
activity  based  solely  on  the  level  of  biomass  detected  would  be  incorrect  and  could  potentially 
lead  to  failure  of  a  biorcmediation  strategy.  This  example  clearly  illustrates  the  importance  of 
activity  measurements  in  evaluating  the  potential  for  biorcmediation. 

There  are  four  parameters  to  consider  when  examining  microbial  activity; 

•  growth; 

•  nutritional  status; 

•  stress;  and 

•  metabolic  activity  and  capabilities. 

Microbial  growth  is  generally  associated  with  an  increase  in  cell  numbers,  however,  growth  can 
also  be  an  increase  in  cell  mass  without  cell  division.  The  use  of  radiolabeUed  uptake 
experiments  can  provide  periodic  growth  measurements,  termed  snapshots,  from  on-site  and  in 
situ  biorcmediation  treatments.  RadiolabeUed  acetate  incorporation  into  cell  lipids  provides 
snapshots  of  cell  mass  increase  while  radiolabeUed  thymidine  uptake  into  DNA  can  provide 
snapshots  of  ceU  division.  Together,  these  measurements  are  useful  in  determining  if  the 
indigenous  or  aUochthonous  microorganisms  are  active  in  the  contaminated  environment  (Table 
3.14)  and  if  they  are  responding  to  stimulation  for  biorcmediation. 

In  general,  growth  determinations  are  compUcated  by  the  fact  that  only  a  fraction  of  the  microbial 
commimity  is  usuaUy  active  at  one  time.  The  most  direct  method  of  determining  the  proportion 
of  active  ceUs  is  by  autoradiography  and  electron  or  epifluorescence  microscopy,  however,  these 
methods  require  metaboUc  activity  in  the  presence  of  substrates  in  the  field  of  view  of  the 
microscope.  Problems  then  arise  with  the  possibility  of  induction  of  artificiaUy  high  levels  of 
activity  from  the  addition  of  the  substrates. 

Moititoring  activities  must  be  designed  to  determine  increases  and  fluctuations  in  activity 
corresponding  to  utilization  and  depletion  of  the  contaminant(s).  Unfortunately,  sediments  are 
expensive  to  recover  and  groundwater  contains  only  the  losing  bacteria,  those  which  were  unable 
to  attach  to  sediments.  Procedures  need  to  be  developed  and  refined  to  properly  evaluate  biomass 
and  potential  activity  of  microorganisms  in  groundwater  (Phelps,  pers  comm).  Potential  methods 
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include  lipid  analysis,  isotope  studies  and  use  of  gene  probes  such  as  lux  genes  held  in  screen 
zones  within  perfusion  chambers. 

PLFA  can  also  be  used  to  assess  the  nutritional  status  of  microbial  communities.  This  is 
achieved  by  assaying  the  proportions  of  specific  endogenous  storage  compounds  relative  to  the 
cellular  biomass  (White,  1988).  Under  conditions  of  chemical  (i.e.,  contamination)  and 
mechanical  stress,  some  microorganisms  will  produce  the  polysaccharide  glycocalyx.  Other 
microorganisms  produce  poly  beta-hydroxyalkanoate  (PHA)  under  conditions  of  unbalanced 
growth  (White,  1988).  PFLA  analysis  can  be  combined  with  radiolabelled  tracer  smdies  to 
determine  which  subsets  of  the  microbial  community  are  acmally  growing  and  dividing,  and 
which  are  stressed. 

Adaptation  or  acclimation  is  a  concept  that  refers  to  the  amount  of  time  that  is  required  for 
microorganisms  to  adapt  to  certain  environmental  conditions.  Adaptation  may  involve 
development  of  tolerance  to  certain  conditions  or  may  involve  induction  of  enzymes  or  metabolic 
factors  required  for  survival  and  activity  in  that  environment  Observation  of  this  type  of 
phenomenon  in  response  to  a  bioremediation  effort  can  be  taken  as  presumptive  evidence  that 
microbial  action  is  operative  (Rittman  et  al.,  1991).  Adaptation/  acclimation  response  may  not 
be  evident  at  old  contaminated  sites  where  the  microbial  population  has  already  adapted. 

Changes  in  microbial  activity  can  also  be  deduced  by  observing  adaptation/acclimation  response 
curves  (section  3.1.2.4)  with  the  introduction  of  contaminants  or  allochthonous  microorganisms. 
This  evidence  will  be  coupled  to  subsequent  increases  in  microbial  numbers  able  to  utilize 
substrate(s)  in  the  contaminated  area. 

3.3.4    Microbial  Distribution 

The  more  homogenous  the  distribution  of  the  requisite  microorganisms,  the  faster  and  more 
uniform  that  bioremediation  will  proceed.  Uniform  distribution  of  biomass  and  of  the  appropriate 
groups  of  biodegrading  microorganisms  within  the  zone(s)  of  contamination  will  ensure  that 
contaminated  regions  can  potentially  be  bioremediated.  The  heterogeneity  of  the  subsurface 
creates  micro-habitats  in  which  different  (and  often  opposite)  microbial  communities  exisL  It 
will  be  important  to  determine  if  the  variance  in  microbial  distribution  will  limit  successful 
bioremediation  by  indigenous  microbes  and  if  so,  if  treatment  systems  can  produce  more  uniform 
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distribution  of  the  microorganisms.  Additions  of  allochthonous  microorganisms  may  be  required 
to  populate  contaminated  zones  in  which  biomass  cannot  be  sufficiently  stimulated. 

The  distribution  of  biodegrading  microorganisms  will  also  determine  the  metabolic  processes 
most  likely  to  occur  throughout  the  zone  of  contamination.  For  example,  source  areas  will 
become  rapidly  depleted  of  oxygen  and  thus  reductive  anaerobic  bacteria  may  colonize  the  area 
unless  an  oxygen  delivery  system  is  implemented.  At  the  boundaries  of  contamination,  where 
lower  contaminant  concentrations  (and  lower  oxygen  demand)  exist,  aerobic  processes  may  apply. 
To  date,  no  bioremediation  effort  has  combined  the  use  of  both  anaerobic  and  aerobic 
biodégradation.  However,  since  different  contaminants  and  their  metabolites  are  often  more 
efficientiy  removed  by  either  aerobic  or  anaerobic  processes,  the  opportunity  exists  at  multi- 
contaminant  sites  (i.e.,  landfills)  to  use  both  aerobic  and  anaerobic  bioremediation  technologies 
simultaneously  or  in  sequence  for  effective  cleanup. 
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4.0  EVALUATION  OF  BIOREMEDIATION 

4.1  Stepwise  Evaluation  of  Bioremediation 

The  evaluation  of  bioremediation  can  be  niade  by  following  a  step-wise  process  which  considers 
and  evaluates  the  key  factors  influencing  bioremediation,  outlined  in  section  3.0.  The  basic  steps 
for  such  an  evaluation  are  identified  and  discussed  in  this  section  and  are  accompanied  by  a 
suggested  flowchart  (Figure  4.1)  which  could  prove  useful  in  evaluating  bioremediation. 
Together,  knowledge  of  these  steps  and  use  of  the  accompanying  flowchan  should  indicate  areas 
where  additional  information  will  be  required  prior  to  or  during  any  course  of  bioremedial  action. 
Section  3.0  provides  the  theoretical  information  and  considerations  with  which  to  evaluate  results 
of  each  step  and  highlights  how  the  information  requirements  interrelate. 

The  seven  general  steps  for  evaluating  the  feasibility  of  bioremediation  are: 

1)  Identification  and  characterization  of  the  contaminant(s)  (section  4.1.1) 

2)  Assessment  of  contaminant  biodegradability  through  scientific  literature  and 
laboratory  treatability  smdies  (section  4.1.2) 

3)  Characterization    of   the    contaminated   environment   including    geochemical, 
hydrogeological  and  microbial  characterization  (section  4.1.3) 

4)  Bench-scale  treatability  studies  to  assess  case-specific  biodégradation  using  the 
proposed  bioremedial  strategy(section  4.1.4) 

5)  Assessment  of  potential  biostimulation  and  feasibility  of  adjusting  envirorunental 
conditions  (section  4.1.5) 

6)  Pilot-scale  (field)  testing  of  bioremediation  scenarios  to  determine  time  required 
for  cleanup,  level  of  attainable  cleanup,  and  cost  of  cleanup  (section  4.1.6) 

7)  Monitoring  to  validate  bioremediation  (section  4.1.7) 
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K  to  each  step  is  appropriate  statistical  design.  This  requires  that  an  appropriate  number  of 
s  :  ".pies  and  replicates  are  used  and  that  appropriate  controls  are  in  place. 

4.1.1  Contaminant  Characterization 

The  initial  step  in  foraiulating  a  bioremediation  strategy  will  be  identification  of  the 
contaminant(s)  of  concern  in  the  impacted  environment  This  step  will  be  relatively  easy  in  spill 
or  known  release  situations  (i.e.,  leaking  underground  storage  tanks)  where  records  or  logs  are 
available  defining  the  contents  of  the  release.  Identification  of  contaminants  from  landfill  and 
other  multiple  release  sites  will  be  significandy  more  difficult  and  may  require  analysis  of  soil 
and/or  groundwater  samples  for  the  full  suite  of  contaminants. 

Once  the  contaminants  are  identifie':'  the  extant  literature  should  be  reviewed  to  determine  if  the 
contaminants  have  been  previously  biodegraded  or  biotransformed.  As  addressed  in  section  3.1.1, 
the  existence  of  biodégradation  data  increases  the  confidence  that  the  contaminant(s)  can  be 
bioremediated.  As  an  additional  step,  the  chemical  structures  of  the  contaminant(s)  should  be 
derived  from  available  scientific  literature.  This  step  will  be  significandy  more  important  if  Utde 
or  no  information  is  available  on  the  biodégradation  of  the  contaminant(s).  If  there  is  indication 
that  biodégradation  is  possible  (based  on  the  chemical  structures  and  previous  treatability  studies), 
laboratory  treatability  studies  should  be  undertaken. 

4.1.2  Laboratory  Treatability  Studies 

A  critical  component  of  any  evaluation  of  bioremediation  feasibility  involves  assessment  of  the 
susceptibility  of  the  pollutant(s)  to  biodégradation.  Laboratory  treatability  studies  are  tests  which 
arc  designed  to  provide  critical  data  to  evaluate  and  ultimately  implement  one  or  more  treatment 
technologies  (McFarland  et  al.,  1991).  Generally,  the  number  and  type  of  treatability  studies  will 
vary  depending  on  the  availability  of  information.  The  level  of  effon  that  needs  to  be  expended 
on  treatability  studies  is  proportional  to  the  uncertainty  about  site  and  contaminant  characteristics: 
When  uncertainty  is  low,  reduced  effort  is  needed  to  evaluate  bioremediation,  but  extensive 
efforts  are  needed  when  uncertainty  is  high  (Rittman  et  ai,  1991). 

Laboratory  treatability  tests  yield  data  that  addresses  the  potential  of  a  proposed  bioremediation 
strategy  to  meet  performance  goals.  Laboratory  screening  should  provide  "yes/no"  determinations 
of  the  validity  of  a  suggested  biotreatment  process  and  should  quickly  screen  out  inappropriate 
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strategies  prior  to  their  evaluation  by  costly  bench-  and/or  pilot-scale  studies.  Laboratory 
treatability  studies  should  also  identify  parameters  (i.e.,  reaction  mechanisms,  transport  pathways) 
that  will  require  specific  attention  during  bench-  and/or  pilot-scale  testing  and  should  direct  the 
focus  of  these  subsequent  studies.  Laboratory  treatability  studies  are  generally  not  appropriate 
for  generating  design  or  cost  data  (Sims,  1990). 

The  techniques  for  laboratory  screening  should  be  as  simple  as  possible.  Screening  is  usually 
accomplished  by  placing  small  amounts  (e.g.,  500  grams  or  mL)  of  soil  and/or  groundwater  in 
contained  vessels  in  which  conditions  can  be  modified  and  controlled,  and  biodégradation 
monitored.  The  contained  environments,  termed  microcosms,  can  consist  of  sealed  test  tubes, 
shake  flasks,  serum  bottles  or  hypovials.  More  complex  microcosms  can  consist  of  columns  or 
simulated  reactors.  Table  4.1  suggest  examples  of  microcosm  design  for  evaluation  of  several 
bioremediation  strategies  and  Figure  4.2  illusu-ates  several  laboratory  treatability  systems. 

Generally,  the  fu-st  step  in  laboratory  treatability  studies  is  to  determine  if  the  contaminant(s)  can 
be  directly  degraded  by  alleviating  simple  nutrient  and/or  physicochemical  limitations.  In  these 
cases,  the  disappearance  of  the  target  contaminants,  compared  against  abiotic  controls,  is 
generally  sufficient  to  provide  an  answer  on  the  potential  for  biodégradation  (Rittman  et  ai, 
1991).  Often,  by  providing  a  variety  of  electron  acceptors,  specific  microorganisms  or 
physiological  function  groups  of  microorganisms  can  be  stimulated  and  survival  and/or  activity 
of  the  microbial  population  can  be  enhanced.  Failing  this,  more  complex  biodégradation 
strategies  (section  3.1.2.2)  can  be  addressed,  such  as  assessment  of  cometabolic  or  analog 
degradation. 

Laboratory  screening  will  be  more  intensive  for  unusual  or  unidentified  contaminants,  or  those 
that  occur  in  mixtures  that  may  be  inhibitory  (e.g.,  mixtures  of  organic  compounds  and/or  heavy 
metals).  Mixtures  of  contaminants  will  pose  special  problems  in  terms  of  the  decision  to  use 
bioremediation  as  a  treatment  method.  For  example,  mixtures  of  aroraatics  (generally 
biodegradable  aerobically)  and  chlorinated  aliphatics  (degradable  by  reductive  dechlorination)  will 
provide  interesting  and  complicated  problems  regarding  the  choice  of  a  bioremedial  strategy 
(aerobic  versus  anaerobic).  Each  component  of  a  mixture  will  have  a  characteristic  toxicity, 
recalcitrance  and  concentration.  The  choice  of  a  bioremedial  strategy  will  thus  be  dependant  on 
the  degrees  of  each  of  these  characteristics  and  on  the  stringency  of  the  regulatory  requirements. 
Table  4.3  suggests  a  system  which  can  be  used  in  prioritizing  contaminant  bioremediation  on  the 
basis  of  toxicity,  concentration,  and  recalcitrance  of  each  component  of  a  mixture.   While  these 
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these  fact  :s  are  suggested  in  focusing  bioremedial  activities,  they  should  not  be  considered 
exclusive  as  a  number  of  other  factors  (e.g.,  regulatory  requirements,  hydrogeological  conditions) 
may  be  significant  in  choosing  an  appropriate  strategy. 

The  concentration  thresholds  iS^^^,  section  3.1.2.3)  of  the  contaminant(s)  should  be  determined 
during  laboratory  treatability  studies,  or  alternatively  by  theoretical  calculation,  to  ensure  that  the 
bioremedial  strategy  will  succeed  in  reducing  contaminant  concentrations  below  regulatory  limits. 
Secondary-substrate  utilization  strategies  and/or  non-steady  state  growth  strategies  may  require 
investigation  and  implementation  or  bioremediation  may  require  coupling  with  a  cost-effective 
polishing  technology  (carbon  adsorption). 

A  key  goal  of  laboratory  treatability  studies  should  be  the  determination  of  the  potential  toxicity 
and/or  recalcitrance  of  metabolic  intermediates  and  end-products.  The  toxicity  of  these 
metabolites  can  be  evaluated  using  toxicity  bioassays  such  as  those  described  in  section  3.1.2.5. 

Laboratory  treatability  studies  should  allow  determination  of  the  rates  and  kinetics  of  the  chosen 
biodégradation  process.  These  rates  should  be  compared  with  other  bioremedial  strategies  and 
alternative  technologies  (i.e.,  abiotic  reactions)  to  ensure  that  the  chosen  and  tested  method  is 
appropriate. 

Once  laboratory  screening  has  provided  evidence  in  favour  of  a  treatment  strategy,  bench-scale 
smdies  (section  4.1.4)  and  eventually  pilot-scale  tests  (section  4.1.6)  can  and  should  be 
investigated.  Table  4.2  defines  the  characteristics  of  the  three  levels  of  testing  and  includes 
general  estimates  of  cost  and  required  time  for  completion  of  each  level. 

A  key  advantage  to  laboratory  treatability  studies  that  should  be  discussed  is  their  ability  to 
incorporate  radiolabelled  substrate  mineralization-mass  balance  approaches.  Incorporation  of 
these  techniques  will  be  of  particular  value  for  compounds  whose  metabolism  is  largely  unknown. 
Use  of  radiolabel  mineralization  experiments  will  ensure  that  contaminants  are  actually 
metabolized  and  ultimately  mineralized  rather  than  transferred  between  phases  or  transformed  to 
recalcitrant  intermediates.  Figure  4.3  provides  a  schematic  of  a  biometry  flask,  commonly  use 
in  mass  balance-mineralization  studies  using  radiolabelled  substrates. 

For  the  purposes  of  mineralization  studies,  substrates  (i.e.,  contaminants)  can  be  labelled  in  two 
ways.  Biodégradation  smdies  will  likely  use  uniform  labelling  in  which  all  carbon  or  hydrogen 
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atoms  are  labelled  In  these  experiments,  it  will  be  possible  to  monitor  and  determine  the  fate 
of  all  labelled  mass  to  ensure  that  the  substrate  has  been-mineralized  and  has  not  just  undergone 
an  undetectable  phase  change  (i.e.,  volatilization).  This  system  of  mass  balancing  accounts  for 
all  labelled  mass  whether  it  be  in  soluble,  extractable  or  volatile  form,  as  initial  substrate, 
intennediates  or  end  metabolites. 

Alteratively,  non-uniform  labelling  of  a  growth  substrate  can  be  used  in  pulse-chase  experiments 
to  identify  specific  metabolic/biodegradative  pathways.  An  example  of  non-uniform  labeUing 
consists  of  labelling  only  the  methyl  group  of  toluene  to  determine  whether  the  substituent  is 
transformed  to  carbon  dioxide  or  methane.  This  method  of  labelling  is  generally  limited  to 
research  studies  and  is  generally  not  required  in  treatability  smdies  assessing  whether  a 
contaminant  can  or  cannot  be  biodegraded. 

The  most  commonly  labelled  atoms  are  carbon  (  C),  hydrogen  (-^H),  and  phosphorus  (  P). 
Addition  of  radiolabelled  substrates  should  address  problems  with  artificially  inducing  activity 
by  introducing  a  substrate  for  microbial  growth.  This  wiU  be  of  particular  concern  in  smdies 
attempting  to  simulate  in  situ  activities  of  subsurface  microorganisms  whose  activity  and 
metabolic  requirements  are  low.  With  this  in  mind,  radiolabel  substrates  providing  high  specific 
activity  should  be  used  to  minimize  substrate  additions  and  artificial  induction  of  activity. 

Mass  balance-mineralization  smdies  can  be  performed  without  the  use  of  radiolabelled  substrates. 
In  general,  these  smdies  involve  addition  of  known  concentrations  of  growth-limiting  substrate, 
electron  acceptors  and  nutrients  followed  by  monitoring  of  the  stoichiometric  disappearance  of 
the  added  components  and  production  of  expected  intermediates  and  end  products  such  as  €02- 
These  changes  should,  if  attributable  to  biodégradation,  be  accompanied  by  increases  in  biomass 
and  changes  in  toxicity.  Microcalorimetry  can  also  be  used  to  monitor  heat  production  as  a  result 
of  microbial  activity,  given  that  appropriate  consols  are  in  place. 

4.1.3    Charaaerization  of  the  Contaminated  Environment 

Laboratory  treatability  smdies  revealing  contaminant  biodegradability  using  a  proposed  treatment 
strategy  should  be  followed  by  characterization  of  the  contaminated  environment  This 
characterization  can  be  divided  into  three  separate  but  interrelated  characterizations,  namely 
contaminant,  physicochemical  and  microbiological  characterization.  These  characterizations  are 
well-defined  in  section  3.0  and  so  will  only  be  briefly  addressed. 
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The  contaminant  characterization,  supplemental  to  the  initial  identification  of  the  contaminant(s) 
and  their  chemical  attributes,  will  involve  identification  of  several  key  chemical  attributes,  namely 
solubility  (section  3.1.1.2),  volatility  (section  3.1.1.3)  and  sorptive  capacity  (section  3.1.1.4). 
These  attributes  are  both  chemical  and  site  specific  and  must  be  defined  prior  to  treatment  as 
each  can  limit  the  success  of  bioremediation.  In  certain  cases,  it  will  be  necessary  to  control 
these  attributes  to  prevent  contaminant  redistribution  and  toxicity. 

Characterization  of  the  contaminants  will  also  involve  delineation  of  the  distribution,  mass  and 
concentration  of  the  contaminants.  Contaminant  concentration  is  an  important  parameter  since 
it  affects  toxicity,  rate  of  biodégradation  and  job  duration.  Pretreatment  of  the  site  may  be 
required  to  reduce  the  concentration  (such  as  fi-ee-product  recovery).  Alternatively,  another 
treatment  technology  which  can  treat  high  concentrations  of  the  contaminant(s)  may  need  to  be 
added  to  the  treatment  chain. 

The  distribution  and  the  physical  nature  of  the  contaminants  will  also  play  key  roles  in 
determining  if  bioremediation  is  a  feasible  treatment  option.  Sources  existing  as  residuals  and 
NAPLs  may  be  difficult  to  locate  and  treat  using  biological  methods,  thereby  precluding 
bioremediation  as  a  feasible  treatment  technology.  The  waste  composition  variability  should  also 
be  delineated  since  biological  activity  varies  with  waste  composition  resulting  in  inconsistent 
biodégradation. 

Characterization  of  the  physicochemical  attributes  of  the  contaminated  environment,  including 
the  geochemistry  and  hydrogeological/hydrogeological  conditions  must  also  be  defined  prior  to 
bench-scale  studies.  The  pH,  redox  conditions,  temperature,  moisture  content  and  osmotic 
conditions  which  will  be  encountered  during  full-scale  bioremediation  must  be  identified  prior 
to  bench-scale  tests.  Similarly,  the  hydraulic  conductivity,  hydraulic  gradient,  cation  exchange 
capacity,  organic  carbon  content  and  porosity  and  permeability  must  be  identified.  Potential 
problem  areas  should  be  identified  and  where  possible,  cost-effective  manipulation  of  these 
conditions  should  be  addressed. 

Characterization  of  the  geochemistry  will  be  specifically  important  with  regards  to  the  activity 
of  microorganisms  and  the  effective  distribution  of  nutrients,  electron  acceptors  and 
microorganisms.  Hydrogeological  characterization  will  be  of  great  importance  in  designing 
appropriate  treatment  systems  for  groundwater  extraction  and  delivery  of  nutrients,  electron 
acceptors  and  microorganisms. 
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Characterization  of  the  microbiology  of  the  impacted  environment  will  involve  identification  of 
the  microbial  biomass,  community  composition,  nutritional  status  and  activity.  The  presence  of 
appropriate  requirements,  the  ability  to  stimulate  these  requirements  and  the  ability  to  add 
microorganisms  to  overcome  specific  deficiencies  should  all  be  addressed.  If  treatment  systems 
cannot  effectively  distribute  the  appropriate  groups  of  required  microorganisms,  either  indigenous 
or  allochthonous,  and/or  if  appropriate  microbial  activity  cannot  be  elicited,  alternative  treatments 
may  be  required. 

4.1.4    Bench- scale  Treatability  Studies 

If  characterization  of  the  impacted  environment  reveals  that  the  contaminants  can  be  biodegraded 
in  the  impacted  matrix,  either  in  situ  or  on-site,  and  if  physicochemical  and/or  microbiological 
conditions  do  not  preclude  successful  biorcmediation,  then  bench-scale  testing  should  be 
undertaken.  Bench-scale  treatability  studies  are  representative  systems  designed  to  verify  that 
the  technology  selected  can  meet  expected  cleanup  goals.  These  systems  should  generate  cost 
and  design  data  and  should  allow  design  of  an  appropriate  pilot-scale  {i.e.,  field)  program  based 
on  sound  science  and  engineering  (Rittamn  et  ai,  1991). 

Bench-scale  microcosms  represent  an  increase  in  the  scale  of  the  simulated  environment  (e.g., 
100  L  samples),  as  compared  with  initial  laboratory  biodegradability  studies.  Bench-scale 
systems  can  consist  of  columns,  soil  beds  and/or  prototype  reactors  which  more  realistically  and 
more  intensively  simulate  the  real-world  target  environment  (Dupont,  1991).  These  studies 
generally  place  an  intact  soil  core  taken  from  a  contaminated  environment  in  an  apparatus  which 
allows  complete  monitoring  of  soil  moisture,  pH,  aeration.  Eh,  temperatiu-e,  volatilization, 
sorption,  photodegradation,  leaching  and  biological  processes.  Bench-scale  studies  should  also 
include  assessment  of  fluid  hydraulics  and  mass  transfer  on  overall  contaminant  fate  and  transport 
(Dupont,  1991).  Bench-scale  treatability  systems  for  evaluation  of  in  situ  bioventing  of 
contaminated  vadose  zone,  and  contaminated  groundwater  are  shown  in  Figiu^s  4.4,  and  4.5 
respectively. 

It  is  important  that  bench-scale  systems  simulate  the  biorcmediation  strategy  as  closely  as 
possible  to  ensure  accurate  results  prior  to  scale-up  to  pilot/field  tests.  For  example,  if  the 
proposed  strategy  involves  treatment  using  a  slurry-phase  reactor,  then  studies  should  be  designed 
to  provide  data  addressing  retention  time,  solvent  use,  phase  partitioning  and  sorption.   In  situ 
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bioremediation  strategies  :'  ould  accurately  simulate  limitations  imposed  by  hydrogeological 
constraints  such  as  permeaDiiity,  conductivity  and  geochemistry. 

4.1.5  Biostimulation  and  Adjustment  of  Environmental  Conditions 

Biostimulation  experiments  should  be  conducted  to  optimize  the  treatment  efficiency  of  the 
selected  treatment  during  bench-scale  studies.  These  experiments  should  identify  the  adjustments 
that  may  be  required  in  the  scale-up  to  field  trials. 

Environmental  conditions  may  need  to  be  adjusted  to  allow  desired  microbial  activity.  This  may 
include  adjustments  to  the  pH,  redox  conditions,  temperature  and  moisture  content  Similarly, 
the  hydrogeological  conditions  may  require  adjustment  to  improve  the  distribution  of  key 
elements  required  for  bioremediation.  Toxic  compounds  such  as  heavy  metals  may  require 
treatment  or  removal.  At  this  point  bioremediation  may  be  ruled  out  since  it  may  not  be  possible 
to  make  the  required  adjustments. 

4.1.6  PUot-scale  Studies 

Pilot-scale  testing  should  be  designed  to  generate  quantitative  design,  performance  and  cost  data 
for  operation  of  full-scale  bioremediation  applications  (McFarland  et  ai,  1991).  Pilot  testing 
should  consider  field-scale  limitations  imposed  by  geochemical  and/or  hydrogeological  constraints 
(i.e.,  soil,  chemical,  and  biological  heterogeneity,  permeability)  and  mass  transfer  and  fluid 
transpon  limitations.  Pilot  tests  should  be  performed  on  a  representative  portion  of  the 
contaminated  material  to  simulate  the  proposed  bioremediation  scheme.  The  scope  of  the  pilot 
test  should  be  large  enough  that  realistic  compUcations  will  be  encountered.  Ultimately,  pilot- 
scale  testing,  and  the  entire  stepwise  process  outlined,  should  yield  the  most  reliable,  time  and 
cost  effective  strategy  for  biorcmediatioiL 

4.1.7  Monitoring  for  Validation  of  Bioremediation 

Section  3.0  outlines  the  use  of  each  information  requirement  in  monitoring  bioremediation 
activities  for  the  purpose  of  ultimately  validating  cleanup.  While  it  has  been  suggested  the  that 
mass  balance  approach  to  monitoring  is  the  most  definitive  proof  of  bioremediation,  it  is  more 
likely  that  validation  will  come  through  logically  linking  several  key  pieces  of  indirect  evidence. 
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For  example,  a  reduction  in  the  concentration  of  the  target  contaminant(s)  below  regulatory 
limits,  coupled  to  increased  microbial  biomass  (notably  the  appropriate  physiological  groups  of 
microorganisms)  in  impacted  zones,  and  decreased  toxicity  of  the  contaminant(s)  to  the  microbial 
population  (possibly  measured  using  toxicity  bioassays),  may  provide  sufficient  evidence  that  a 
bioremediation  strategy  has  successfully  remediated  a  contaminated  environmenL  Obviously,  a 
rigorous  evaluation  of  monitoring  program  results  will  be  required  before  bioremediation  can  be 
validated. 

4.2       Microcosms 

Microcosms  are  extremely  useful  tools  in  both  laboratory  and  bench-scale  treatability  studies  and 
as  such  deserve  additional  discussion.  Microcosms  are  calibrated  laboratory  simulations  of  a 
portion  of  a  natural  environment  in  which  relatively  undisturbed  environmental  components  are 
enclosed  within  defmable  physical  and  chemical  boundaries  for  smdy  under  defmed  lab 
conditions  (Pritchard,  1981).  They  are  reliable,  replicable  tools  for  evaluating  the  susceptibility 
of  a  contaminant  to  biodégradation.   Microcosms: 

•  are  scientifically  rigorous  and  statistically  oriented  surrogates  for 
field  studies; 

•  allow  assessment  of  risk  and  prediction  of  transport  and  fate  of 
contaminants  within  aquifers; 

•  help  to  evaluate  the  waste  assimilative  capacity  of  an 
environment; 

•  can  incorporate  numerous  site-specific  variables  without  requiring 
a  detailed  knowledge  of  what  these  variables  actually  arc; 

•  can  overcome  limitations  prior  to  scale  up  and  optimize  treatment 
strategy;  and 

•  can  be  used  to  determine  the  predominant  pathways  of  biotic  or 
abiotic  transformation  and  can  more  accurately  determine 
degradation  rates. 
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To  date,  there  are  few  microcosm-field  cal-'-ation  studies  reported  in  the  literature.  Microbial 
activities  and  biodégradation  rates  observée  in  microcosms  may  be  different  than  those  in  the 
open  envirorunenL  As  such  extrapolation  of  laboratory  techniques  and  results  to  field  trails  is 
an  uncertain  process.  Currentiy,  Sturman  et  al.  (pers  comm)  of  Montana  State  University  are 
undertaking  a  review  of  the  existing  literature  to  determine  factors  to  consider  for  scaling-up 
laboratory  studies  to  full  scale  bioremediation. 

Because  site  specific  processes  will  influence  biodégradation,  it  is  crucial  that  the  microcosm 
reflects  the  conditions  that  exist  at  the  site  using  the  treatment  strategy  envisioned.  This  requires 
that  authentic  material  be  acquired  (e.g.,  subsurface  soil  and  groundwater  cannot  be  contaminated 
with  non-indigenous  microorganisms,  and  in  situ  redox  conditions  must  be  maintained  during 
sample  retrieval).  The  importance  of  this  cannot  be  over-stressed.  Any  evaluation  of 
biodégradation  capabilities  of  the  natural  consortia  of  microorganisms  will  be  affected  by  any 
induced  changes  in  the  nutrient,  geochemical,  or  microbial  composition  and  concentration.  In 
addition,  the  microbial  population  of  groundwater  and  soils  is  vasUy  different,  and  thus  both  must 
be  present  in  the  microcosm  to  properly  assess  the  biodégradation  of  a  contaminant  (Thomas  et 
al.,  1987). 

Sampling  methods  may  induce  disturbances  in  ecosystem  structure  and  function  (and  may  lead 
to  population  shifts  and  enhanced  microbial  activity)  thereby  leading  to  erroneous  treatability 
evaluations.  It  will  thus  be  important  to  utilize  sampling  techniques  which  minimize  the 
disturbance  effect  Similarly,  it  is  important  that  adequate  quality  assurance  and  quality  control 
associated  with  the  collection  of  representative  soil  and  groundwater  samples.  Except  for 
research  sites,  littie  attempt  is  made  to  ensure  that  the  soil  and  groundwater  samples  are  not  being 
contaminated  by  surface  microorganisms  and  drilling  muds.  Laboratory  tests  conducted  with 
samples  contaminated  with  surface  microorganisms  will  lead  to  false  conclusions  on  subsurface 
microbial  activity,  population  composition,  nutritional  status  and  biodégradation  capabilities.  In 
addition,  unrealistic  testing  conditions  (i.e.,  temperature,  continuous  shaking,  aeration)  can  lead 
to  extreme  over-estimation  of  biodégradation  rates  and  produce  artificial  data  on  what 
microorganisms  or  groups  of  microorganisms  are  involved  in  the  degradation. 

Several  limitations  of  microcosms  must  be  realized.  Flrsdy,  microcosms  represent  optimiun 
conditions  with  respect  to  sample  homogeneity  and  contact  with  solid  materials,  contaminants, 
microorgaitisms  and  nutrients.  As  such,  laboratory  studies  provide  information  on  the  potential 
(not  necessarily  actual)  treatment  rates.   In  addition,  microcosms  have  abnormally  high  surface 
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to  volume  ratios.  Increased  sorption  of  baaeria,  nutrients  or  substrate  as  a  result  of  increased 
surface  area  may  affect  (increase  or  decrease)  activity  thereby  providing  erroneous  results  in 
metabolism  studies  (Suflita,  1989b). 

Currently,  no  single,  universally  approved  microcosm  design  is  consistentiy  used  by  laboratories 
involved  in  bioremediation  research.  Microcosms  can  be  as  small  as  25  mL  centrifuge  mbes  to 
as  large  as  20  L  carboys.  Biometer  flasks  are  useful  for  radiolabel  (  C)  tracer  smdies  as  they 
are  designed  to  trap  labelled  carbon  dioxide  (  C-CO-,)  for  liquid  scintillation  counting.  Stainless 
steel  and  PVC  columns  (about  10-12  cm  in  diameter  and  50-100  cm  in  length)  are  useful  for 
simulating  vertical  soU  profiles.  Large  carboys  (20  litre)  arc  useful  for  aquatic  microcosms. 
Although  variability  between  designs  is  normal  and  not  weU  standardized,  it  is  more  important 
in  the  evaluation  of  the  microcosm  data  that  there  are  appropriate  controls  and  performance 
checks  present  within  the  design. 

It  is  important  that  the  hydrogeological,  microbiological  and  contaminant  parameters  are 
quantified  relative  to  contaminated  areas  prior  to  treatmenL  Field  controls  are  lacking  in  many 
case  smdies  (research  smdies  are  the  exception).  A  minimum  level  of  field  control  would  be  the 
comparison  between  treated  and  untreated  areas  within  the  contaminant  plume.  Additional 
controls  could  include  a  comparison  between  two  plots  to  compare  the  effect  of  water  addition 
(or  circulating  groundwater)  with  and  without  addition  of  nutrients.  This  type  of  control  is 
thought  to  be  necessary  since  disturbance  effects  can  stimulate  microbial  activity  or  help  mobilize 
available  nutrients.  A  third  control  could  consist  of  an  uncontaminated  area  outside  of  the 
contaminant  plume.  This  control  would  monitor  fluctuations  in  the  environment  (moisture 
content,  osmotic  pressure)  that  could  influence  activities  within  the  contaminant  plume. 

In-situ  testing  devices  are  currently  finding  favour.  These  devices  attempt  to  modify  conditions 
and  monitor  biodégradation  without  requiring  the  removal  of  contaminated  matrix.  In  this  case, 
disturbance  of  the  ecosystem  structiire  is  avoided  and  sampling  contamination  is  minimized. 
Current  development  of  in  situ  testing  devices  (Gillham  et  al.,  1990)  is  allowing  small-scale  field 
experiments  to  determine  the  effect  of  various  treatments  on  bioremediation  and  field  controls. 
These  devices  allow  abiotic  control  of  experiments  to  be  conducted.  Future  use  of  these  testing 
devices  will  hopefully  minimize  the  collection  of  non-representative  data  by  removing  the 
aforementioned  techrucal  problems.  Figure  4.6  provides  a  schematic  of  an  in  situ  column  for 
monitoring  and  evaluating  soU  and/or  groundwater  contamination. 
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In  general,  if  biodégradation  cannot  be  successfully  stimulated  in  microcosms,  the  chances  of 
success  in  the  field  are  minimal  but  if  initial  microcosm  evaluations  prove  successful,  the  chances 
for  success  in  the  field  are  significantly  improved  (Suflita,  1989b). 

43      Mathematical  Models 

To  estimate  the  effects  of  transport  and  biotransformation  in  a  bioremediation  project,  data  from 
bench  and  pilot-scale  treatability  studies  can  be  input  into  comprehensive  mathematical  models 
(McFarland  et  al.,  1991).   Mathematical  models  can: 

•  integrate  degradation,  transport  and  partitioning  data  with  characterization  of  the 
contaminated  environment; 

•  simulate  the  behaviour  of  contaminants  in  the  environment; 

•  predict  the  pathways  of  contaminant  migration; 

•  identify  contaminant  phases  requiring  treatment  with  alternative  technology;  and 

•  approximate  rates,  duration  and  cost  of  the  proposed  biotreatment  technology. 

Several  models  have  been  develop)ed  for  soil  or  groundwater  applications,  however,  few  are 
adapted  for  the  specific  purpose  of  simulating  total  (soil,  soil-gas  and  groundwater) 
contamination.  Development  of  such  models  will  likely  receive  much  attention  as  bioremediation 
continues  to  gain  acceptance  as  an  effective  remedial  technology. 
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Table  2.8.       Examples  of  Microorganisms  That  Have  Been  Genetically 
Engineered  to  Biodegrade  Organic  Contaminants 


Microorganism 

Plasmid 
Designation 

Substrates  Metabolized 

Alcaligenes  A5 

pSS50 

4-Clorobiphenyl 

Alcaligenes  spp.  BR60 

pBRC60 

3-Chlorobenzoate 

Alcaligenes  xylosoxidans 

dhlC 

2,2-Dichloropropionate 

Pseudomonas  cepacia 
ACllOO 

RSI  100-1 

2,4,5-T 

Pseudomonas  convexa 

PCINIC 

Nicotine,  Nicotinic  acid 

Pseudomonas  diminuta 

pCSl 

Parathion 

Pseudomonas  fluorescens 

NAH 

Naphthalene 

P.  fluorescens  PR24B 

pBRC60 

3-Chlorobenzoate 

Pseudomonas  luteola  V55 

NAH 

Naphthalene 

Pseudomonas  oleovorans 

OCT 

Octane,  Decane 

Pseudomonas  puiida 

CAM 

Camphor 

P.  puiida  Rl 

SALl 

Salicylate 

P.  putida  PpG7 

NAH 

Naphdialene 

P.  puiida  PaWl 

TOL 

Xylene,  Toluene 

P.  puiida  NCIB 

pRASOO 

3,5-Xylenol 

P.  puiida  ClhfNP 

pCINNP 

Cinnamic  acid 

P.  puiida  AC858 

pAC25 

3-Chlorobenzoic  acid 

P.  putida  ST 

pEG 

Styrene 

P.  puiida  RE204 

pRE4 

Isopropylbenzene 

P.  puiida  UWCl 

pDlO 

3-Chlorobenzoate 

Pseudomonas  spp.  E4 

pUU204 

2-Chloropropionic  aad 

Pseudomonas  spp.  B13 

pB13 

3-Cblorobenzoic  acid 

Pseudomonas  spp.  CFôOO 

pVIlSO 

Phenol 

Pseudomonas  spp.  ASR2.8 

pDlO 

3-Cblorobenzoate 

Pseudomonas  spp.  ClTl 

pClTl 

Aniline 

Adapted  from  Trevors  (personal  communication). 
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Table  3^: 


Concentrations  of  Selected   Environmentally   Important   Metals  That   can   be 
Tolerated  by  Naturally  Occuring  Microorganisms 


Antimony 
Arsenic 
Sodium  arsenite 


Boron 
Cadmium 


Chromium 
Cobalt 


Copper 


Lead 


Mercury 


Phenylmercuric  acetate 


Molybdenum 

Nickel 
Silver 

Tellurium 

Thallium 

Tin 

Tungsten 

Uranium 

Zinc 


100  nM 

400ng/mL 

1% 


5-50  Mm 
200  ng/mL 
400ng/mL 
10  ng/mL 
1600H2/mL 

1600ng/mL 
1500ng/mL 
0.62  Mm 
1.09  mM 
lOOmg/L 
100  ppm 
20  mM 
10  ppm 
0.68  mM 
1.18  mM 
lOOmg/L 
3200  ng/mL 
50  iig/mL 
100  ^lM 
10  ms/mL 


0.3  ppm 


lOOmg/L 
102  mg/L 
25  \igfmL 
100  mM 

64  fig/mL 
128  ng/mL 
75  ng/mL 
102  Hg/mL 
1600ng/mL 
1600  Hg/mL 


Corynebacierium  flaccumfaciens 
Pseudomonas  aeruginosa 
Salmonella 
Escherichia  coli 
Proteus 
Shigella 

Klebsiella  pneumoniae 
Pseudomonas  aeruginosa 
Staphylococcus  aureus 
Pseudomonas  aeruginosa 
Klebsiella  aerogenes 
Pseudomonas  aeruginosa 
Klebsiella  aerogenes 
Pseudomonas  aeruginosa 
Pseudomonas  fluorescens 
Soil  microorganisms 
Soil  microorganisms 
Heterotrophic  bacteria 
Pseudomonas  spp. 
Escherichia  coli 
Klebsiella  aerogenes 
Soil  organisms 
Soil  organisms 
Sediment  bacteria 
Pseudomonas  aeruginosa 
Sediment  bacteria 
Mycobacterium  scrofulaceum 
Bacillus  spp. 

Pseudomonas  fluorescens 
Pseudomonas  sp. 
Pseudomonas  sp. 
Arthrobacter  sp. 
Citrobacier  sp. 
Enterobacter  sp. 
Vibrio  sp. 

Flavobacterium  sp. 
Sediment  bacteria 
Pseudomonas  aeruginosa 
Sediment  bacteria 
Pseudomonas  maltophilia 
Staphylococcus  aureus 
Pseudomonas  aeruginosa 
Pseudomonas  aeruginosa 
Sediment  bacteria 
Pseudomonas  aeruginosa 
Pseudomonas  aeruginosa 
Pseudomonas  aeruginosa 


Adapted  from  Trevors,  1991. 
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Table  3.11: 


Selected  Properties  of  Several  Clay  Minerals  and  Organic  Matter 


Cation 

Exchange 

Surface 

pH-Dependency 

Colloidal 

Componeni 

Capacity 
me/ 100  g 

Area 
mVg 

of  Charge 

Activity 

Kaolinite 

1-10 

10-20 

Extensive 

Low 

Montmorillonite 

80-120 

600-800 

Minor 

Extremely 
High 

Vermiculite 

120-150 

600-800 

Minor 

High 

Mica 

20-40 

70-120 

Medium 

Medium 

Chlorite 

20-40 

70-150 

Extensive 

Medium 

Ai.jphane 

10-150 

70-300 

Extensive 

Medium 

Organic  Matter 

100-300 

800-900 

Extensive 

Medium 

Adapted  from  Bohn  et  al.  (1979). 


Table  3.12: 

Effect  of  pH  on  Cation 

Exchange  Capacity  For  60  Wisconsin  Soils 

CEC,  me/100  £ 

I  (MEANS 

FOR  60  SOILS) 

Organic 

Layer 

Whole 

pH 

Matter 

Silicates 

Soil 

2.5 

36 

38 

5.8 

3.5 

73 

46 

7.5 

5.0 

127 

54 

9.7 

6.0 

131 

56 

10.8 

7.0 

163 

60 

12.3 

8.0 

213 

64 

14.8 

Adapted  from  Bohn  et  al.  (1979). 
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Table  3.14.     Comparison  of  Biomass  and  Activities  of  Microorganisms 
from  Sediments  Contaminated  With  Trichloroethene' 


Depth 

(m) 

["C]  Acetate 

Incorporation  into 

Lipids  (dpm)2 

I'H]  Thymidine 

Incorporation  into 

DNA  (dpm)' 

Total  PLFA 

pmol/g  sediment 

(approx  cfu/g  sed.) 

Trichloroethene 
Concentration 

■ 

3 

147 
815 

1690 
0 

8.97  (10*) 

10 

7560 
177 
661 

0 
1930 
12200 

670 

20 

675 
2030 
13100 

4210 

11300 

0 

320 
190 
250 

30 

131000 

0 

16300 

0 

0 

312400 

0 

- 

41800 

0 

0 

59400 

40 

0 

393 

361000 

0 

0 

6.90  (10^) 

373000 

292 

0 

38000 

50 

82 
166000 

0 

74100 

30400 

1100 

8.63  (10*) 

60 

212000 

35900 

2230 

3790 

125 

0 

53300 

0 

70 

2270 
253 

1540 
20500 

- 

75 

0 

1960 

'  1 

Pokl^ I_      .-  J    ,- 

=  J^l^^""''  '7""  "'"<"  "!««)    Dala  f'ffln  Pheips  „  al.  (1989) 

'  Incorponiuon  of  n>d,olabelled  chynidinc  i„„  „anomotoles  „p,.s»d  as  above. 
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Table  4.2. 

Characteristics  of  Laboratory-,   Bench-, 
Scale  (Pilot-scale)  Treatability  Studies 

and  Field- 

Scale 

Type  of 

Date 

Generated 

Study 
Size 

Time 
Required 

Cost 

Laboratory 

Batch  Kinetics 

Beaker 

1/100  Full  Scale 

Days/Weeks 

$10,000  to 
$50,000 

Bench 

Mass  Transfer 
Fluid  Mobility 
Limitations 

Bench-Top 
1/10  Full  Scale 

Weeks/Months 

$50,000  to 
$250,000 

Field 

Full  Scale  Design 
Performance, 
Cost  Data 

Full  Scale 

Months/Years 

$250,000 
$1,000,000 

Adapted  from  Dupont,  1991 


Table  4.3.       Suggested  Prioritization  of  Contaminants  Occurring  in  Mixtures  Based  on 
Toxicity,  Concentration,  and  Recalcitrance 


Concentration 

Toxicity 

Recalcitrance 

High                       Low 

High 

High 

3 

2 

Low 

3 

2 

Low 

High 

2 

1 

Low 

2 

1 

Rating  svstem  for  Prioritization  is  as  follows: 


1  -  Low  priority,  not  necessary  to  target  for  treatment  (depending  on  regulatory  stringency) 

2  -  Medium  priority,  target  for  u-eatment  and  include  in  treatability  studies 

3  -  High  priority,  design  treatment  systems  and  treatability  studies  around  this  contaminant 
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Figure  3.2.         Comparison      of     Microbial      Growth      Rate       Versus 
Concentrations  of  Conventional  (Non-Inhibitory)  and  Toxic 
(Inhibitory)  Wastes    (Adapted  from  Rozich  and  Zitrides 
unpubl). 
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Figure  3.4. 


Range  of  Hydraulic  Conductivities  and  Permeabilities  of 
Geologic  Deposits  (Adapted  from  Freeze  and  Cherry,  1979). 


CONT I NUED  ON  OTHER  SIDE 


Figure  4  1  -  Flowchart  for  Evaluauon  of  Bioremcdiaiion  Feaiability 
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Figure  4.2.       Laboratory      Treatability      Systems     for 

B.odegradabiiky  -  (A)  Simple  test  tube  microcosm;  (B)  Laboratory  flask 
apparatus  for  b.oventmg;  (C)  Laboratory  column  m.crocosm;  (D  So  b7nt  u^c 
samplmg  system.  (Adapted  from  McFarland  et  ai.  1991). 


Figure  4.3:  Biometry  Flask  for  Mass  Balance  -  Mineralizati  n 
Treatability  Studies  using  Radiolabelled  Substrr  .s 
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Figure  4.4.       Be„ch.Sc^e  T,^ubin.y   Systems   for   EvMuaUon    of   a,e    Po^nUa,    for 


1985).  Lonummated  GroundwaKr  (Adapted  from  Bengtsson  e,aL. 
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Figure  4.6:  Jn  SUu  Biodégradation  Column  Schematic  (Adapted  from  Acton  and  Barker,  1991). 
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GLOSSARY  OF  TERMS 


Abiotic  Reactions:  Any    reaction    tiiat    is    not    biologically-mediated.        Those    not 

encompassed  by  biotic  reactions.  These  include  chemical,  phase 
transfer,  photooxidation,  photolysis  and  sorptive  reactions. 

Allochthonous:  Microorganisms  which  are  not  native  to  the  environment  to  which  they 

are  added.  Generally,  microorganisms  cultured  and  selected  to  possess 
desirable  catabolic  abilities  are  added  to  contaminated  environments 
to  provide  enhanced  microbial  abilities. 

Aqurfen  A  geologic  formation  capable  of  yielding  significant  quantities  of 

water  when  pumped.  Generally,  aquifers  are  composed  of  sands  and 
gravels. 

Aquitard:  A  geologic  formation  incapable  of  yielding  significant  quantities  of 

water  and  generally  impermeable  to  water  flow  (i.e.,  clays). 

Beta  Oxidation:  Metabolic  process  whereby  long  chain  fatty  acids  are  repeatidly 

shonened  by  two-carbon  units.  Shortened  carbon  units  may  then  enter 
the  tricarboxylic  acid  cycle  (TCA  cycle)  to  be  convened  to  cellular 
building  blocks  (i.e.,  succinate,  pyruvate)  and  CO2. 

Bioaugmentation:  The  addition  of  microorganisms  "geared"  to  biodegrade  specific 

contaminant(s).  If  supplied  in  sufficient  numbers,  these 
microorganisms  may  exhibit  rapid  initiation  of  bioremedial  activity 
(ABTA,  1991). 

Biotic  Reactions:  Synonymous    with    biotransfonnation    reactions     (biodégradation, 

metabolism). 

Biodégradation:  A  subset  of  biotransformation  in  which  the  structure  of  an  organic 

compound  is  completely  mineralized  to  innocuous  end  products  (i.e., 
CO2,  water). 

Bioremediation:  A  managed  or  spontaneous  process  in  which  biological,  especially 

microbiological,  catalysis  acts  on  pollutant  compounds,  thereby 
eliminating  environmental  contamination.  Synonyms  include 
biorestoration  and  bioreclamation  (Madsen,  1991). 
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A.2 


Biosdmulation: 


The  addition  of  nutrients  and/or  electron  acceptors  to  enhance  the 
growth  and  accelerate  the  bioremedial  activity  of  naturally-occurring 
(indigenous)  microorganisms  already  present  in  an  impacted  matrix 
(ABTA,  1990). 


Biotransformation: 


Biotreatment: 


The  alteration  of  the  molecular  structure  of  a  chemical  by  microbial 
{i.e.,  enzymatic)  catalysis.  Alterations  include  condensation  and 
mineralization  reactions  which  change  the  number  or  complexity  of 
intramolecular  bonds.  Alterations  can  be  subtie,  involving  merely 
changes  or  loss  of  a  substituent  functional  group  (Madsen,  1991). 

Methods  of  handling  wastes  and  pollutant  compounds  through 
biological  mediation.  Includes  in  situ  and  on-site  bioremediation,  as 
well  as  off-site  biological  treatment  at  waste  disposal  and  sewage 
treatment  facilities. 


Capillary  Fringe:  The  zone  above  the  watertable  which  separates  the  saturated  and  the 

unsaturated  (vadose)  zones. 


Carrying  Capacity: 


Homeostasis: 


In  Situ  Biodégradation: 


Microbial  Metabolism: 


Microhabitats: 


Mineralization: 


The  sustainable  size  of  a  microbial  population  or  community  within  a 
given  environment  or  ecological  niche. 

A  compensating  mechanism  that  acts  to  maintain  steady  state 
conditions  and,  by  a  variety  of  control  mechanisms,  to  counteract 
perturbances  that  would  upset  steady  state  (Adas  and  Bartha,  1987). 

The  complete  mineralization  of  an  organic  compound  to  innocuous  end 
products,  in  its  original  place  in  the  environment 

The  catalysis  of  organic  compounds  for  subsequent  use  as  growth 
substrates.  Metabolism  of  pollutants  can  mean  the  biotransformation 
or  the  complete  mineralization  (biodégradation)  of  a  compound. 

Zones  of  varying  of  nutrient,  pH,  and  Eh/redox  conditions  within  soil 
clumps,  pore  spaces  and  fractures. 

Conversion  of  an  organic  molecule  into  its  inorganic  constituents  (e.g., 
CO2,  NO3  )•  The  carbon  derived  from  the  mineralization  reaction(s) 
is  usually  incorporated  as  cellular  biomass. 


On-site  Biodégradation:  The  complete  mineralization  of  an  organic  compound  to  innocuous  end 
products,  in  engineered  above-ground  treatment  systems.  Generally 
involves  pump  and  treat  and/or  excavation  technologies. 
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Pseudosolubilization:         Uptake  through  direct  contact  of  cells  with  submicron  sized  droplets 
of  the  pollutant  compound 

Residuals:  Contamination  that  does  not  solubilize  and  migrate  in  dissolved  form 

but  rather  remains  in  free-phase  sorbed  to  solid  matrices. 

Unbalanced  Growth:         Microbial  growth  under  conditions  whereby  carbon  is  available  for 
growth  but  supplies  of  required  inorganic  nutrients  are  insufficient 
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Letters  and  Questions  Sent  to  Commercial 
Organizations  and  Research  Institutions 
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September  25.  1991  Beak  Ref.:8007.1 

tide-,  first-  last- 
company- 
street- 
city-,  state- 
zip- 
country- 

Dear  title-,  last-: 

Beak  Consultants  Limited  (BEAK)  has  been  contracted  by  the  Ontario  Ministry  of  the  Environment  (MOE) 
to  assist  in  the  development  of  a  criteria  document  for  bioreclaraation.  The  essence  of  this  document  will 
be  to  identify  information  that  can  be  used  for  evaluating  bioreclaraation  proposals  and  verifying 
bioreclaraation  claims.  The  MOE  is  also  interested  in  obtaining  insight  on  how  to  justify  the  use,  and  evaluate 
the  efficacy,  of  allochthonous  microorganisms  for  in  situ  treatment  of  contaminated  soil  and  groundwater, 
or  their  use  for  on-site  treatment  systems  such  as  bioreactors  and  sewage  treatment  plants. 

In  particular,  the  MOE  is  seeking  which  specific  endpoints  must  be  collected  (e.g.  pH,  raoisture  content, 
hydraulic  conductivity,  protozoan  activity,  enzymatic  activity  and  gene  expression,  survival  of  allochthonous 
microorganisms)  and  what  criteria  should  be  used  for  evaluating  the  data  (e.g.  generally  pH  >  5.5;  raoisture 
content  >  10%;  hydraulic  conductivity  >  10"^  cm/s  required  for  bioreclaraation  to  proceed;  biomass  of 
allochthonous  microorganisms  must  represent  10%  of  the  active  biomass;  proof  of  survival  and  activity  of 
introduced  microorganisms).  In  addition,  the  MOE  is  interested  in  obtaining  information  on  protocols  that 
can  be  used  to  collect  and  evaluate  the  data. 

I  am  writing  you  to  request  any  information  (reports,  papers,  presentation  material)  that  you  feel  would  assist 
the  MOE  in  the  development  of  this  document.  I  would  greatly  appreciate  a  short  note  on  what  you  believe 
are,  or  will  be,  key  types  of  data  for  assessing  bioremediation,  and  what  developments  you  foresee  in 
monitoring  and  evaluation  protocols  for  bioreclaraation. 

AH  raaterial  used  in  the  report  will  be  duly  referenced  and  contributors  acknowledged. 

Please  forward  the  requested  information  to  the  above  address.  To  meet  the  deadline  for  the  report  I  would 
appreciate  receiving  your  input  by  10  August.  Please  feel  free  to  solicit  information  or  circulate  this  request 
to  your  colleagues  if  you  feel  they  could  make  a  valuable  contribution.  Do  not  hesitate  to  call  if  you  have 
any  questions.    I  thank-you  in  advance  for  your  assistance. 


Sincerely, 

BEAK  CONSULTANTS  LIMITED 


!     David  Major,  Ph.D. 

i!     Environmental  Microbiologist 


September  25,  1991  Beak  Ref.:8007.1 

title-,  first-  last- 

company- 

street- 

city-,  stale- 

zip- 

country- 

Dear  title-,  last-: 

The  Ontario  Ministry  of  the  Environment  (MOE)  is  interested  in  obtaining  relevant  information 
penaining  to  the  use  of  microorganisms  for  on-site  or  in  situ  bioreclamation.  The  information  will  be 
used  to  familiarize  the  MOE  with  the  types  and  degradative  capabilities  of  microorganisms  that  may  be 
used  in  the  Province  of  Ontario  in  the  near  future  for  site  remediations  or  waste  treatment  Beak 
Consultants  Limited  (BEAK)  has  been  contracted  by  the  Ontario  Ministry  of  the  Environment  to  assist 
in  the  collection  of  this  information.  Your  firm  has  been  identified  as  a  commercial  enterprise  which 
may  apply  bioreclamation  and  may  use  allochthonous  (non-indigenous)  microorganisms  for  site 
remediation.  On  behalf  of  the  MOE,  we  would  appreciate  if  you  could  fill  out  the  attached  survey  and 
return  it  to  the  above  address.  The  information  solicited  is  of  a  general  nature  and  is  not  intended  to 
solicit  proprietary  or  confidential  information. 

The  scope  of  infonmation  requested  includes: 

use  of  allochthonous  microorganisms  by  your  organization; 

application  of  added  microorganisms; 

genus  and  species  used; 

chemicals  and/or  waste  mixtures  treated;  and 

source  of  microorganism  (e.g.  in-house  or  external  culture  collection,  cultured  site 

microorganisms,  sewage  treatment  plant,  supplier). 

In  addition,  I  would  appreciate  any  promotional  and  reference  material  that  could  be  supplied  by  your 
organization.  All  material  used  in  the  report  will  be  duly  referenced  and  contributors  acknowledged. 
To  meet  the  deadline  for  the  repon  I  would  appreciate  your  input  by  10  August.  Please  do  not  hesitate 
to  call  if  you  have  any  questions  regarding  this  project.   I  thank-you  in  advance  for  your  assistance. 

Sincerely, 

BEAK  CONSULTANTS  LIMITED 


David  Major,  Ph.D. 
Environmental  Microbiologist 
Project  Manager 
end. 


SURVEY  SHEET  INUTRUCTlON^i 

Activity: 

Please  ndicate  if  your  organization  has  applied  bioreclamation  for  site  remediation  or  waste  treatment  and 
if  allochthonous  microorganisms  have  been  used. 

Identification: 

Please  identify  the  microorganism  used  under  the  genus  and  species  column.  If  it  is  a  consortia  (mixture) 
of  microorganisms,  please  indicate  key  species  if  possible  or  enter  "Consortia"  in  the  genus  column. 

Chemical: 

Under  the  chemical  column  please  list  which  compounds  that  the  microorganism  or  consortia  can 
biodegrade  or  bioaccumulate  (please  indicate  which  mechanism). 

Source: 

Under  the  source  column  please  indicate  the  source  of  the  microorganism  or  consortia  (e.g.  sewage 
treatment  plant,  isolated  from  treatment  site,  commercial  or  university  culture  collection,  supplier).  If  the 
source  information  is  not  proprietary,  please  name  the  source  or  culture  collection  (e.g.  ATCC,  Bugs  for 
Sale,  Inc.). 

Use: 

Under  this  column  enter  how  the  microorganism(s)  or  consortia  are  used.  On-site  refers  to  above-ground, 
engineered  systems.  Under  the  on-site  column,  please  select  one  or  more  of  biore actors,  sewage  treatment 
plants,  septic  systems,  compost  piles;  In  situ  refers  to  applications  which  allow  the  wastes  to  be  treated  in 
place.  Under  the  in  situ  column  select  one  or  more  of  groundwater,  soil  or  landfarming.  If  the 
microorganisms  can  be  used  in  all  the  applications  listed  in  either  column,  enter  "all"  in  the  appropriate 
column. 


SURVEY  SHLLl 


Company  Information 

Companyicompany- 
Addressrstreet- 

city- 

state- 

zip- 

Contactrtitle-.  first-  last- 
Phone:  


Corrected  Information 


Activity 

Does  your  firm  practice  bioreclamaiion?:     Yes 

Does  your  furo  use  allochthonous  microorganisms?:  Yes 

MICROBIAL  DATA  SHEET 


No 


No 


Identification 

Application 

Genus         species 

Chemical  Treated                    Source  of  Inoculum 

On-site       In  situ 

- 

VIICROBIAL  UAIA  SHEt'i  (Continued) 

'lease  photocopy  and  attach  additional  microbial  data  sheets  as  required 


Identification 


Application 


Genus        species 


Chemical  Treated 


Source  of  Inoculum 


On-site      In  situ 
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